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Spectroscopy Problems 


1. Determine the structure of the straight-chain pentanol that produces the mass spectrum shown here. 
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2. The mass spectrum of an ether is shown here. Determine the molecular formula of the ether that would 


produce this spectrum and then draw possible structures for it. 
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3. 


The mass spectra of pentane and isopentane are shown here. Determine which spectrum belongs to which 
compound. 


Spectroscopy Problems 
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Spectroscopy Problems 


Which of the following compounds gives the mass spectrum shown here? 
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An unknown acid underwent a reaction with 1-butanol. The product of the reaction gave the mass spectrum 


shown here. What is the product of the reaction, and what acid was used? 
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Spectroscopy Problems 


Identify the compound with molecular formula СН 00; that gives the following IR and ЇН NMR spectra. 
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Spectroscopy Problems 


Identify the compound with molecular formula СеН/ 0 that gives the following IR and ЇН NMR spectra. 
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A methyl-substituted benzene is treated with Cl, in the presence of AlCl}, and a ЇН NMR spectrum is taken 
of one of the monochlorinated products that is isolated from the reaction mixture. Identify this compound. 


Spectroscopy Problems 


10. Identify the compound with molecular formula СНО that gives the following IR and ЇН NMR spectra. 
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11. Identify the compound with molecular formula C,HoBr that gives the following ЇН NMR spectrum. 


Spectroscopy Problems 


12. Identify the compound with molecular formula CH}; that gives the following IR and ЇН NMR spectra. 
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13. Identify the compound with molecular formula СаН/00 that gives the following ЇН NMR spectrum. 


Spectroscopy Problems 


14. Identify the compound with molecular formula C4H;CIO that gives the following IR and ЇН NMR spectra. 
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15. Identify the compound with molecular formula CgHgBry that gives the following ЇН NMR spectrum. 


Spectroscopy Problems 


16. Identify the compound with molecular formula C4H4O that gives the following IR and ЇН NMR spectra. 
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17. Identify the compound with molecular formula C;HgBrN that gives the following 'H NMR spectrum. 


Spectroscopy Problems 


18. The 'H NMR spectra of 1-chloro-3-iodopropane and 1-bromo-3-chloropropane are shown here. Which 
compound gives which compound spectrum? 
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19. Identify the compound with molecular formula C,H,O that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 


20. Identify the compound with molecular formula C4H,00, that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 


22. Identify the compound with molecular formula C;H,O that gives the following ЇН NMR spectrum. 
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23. The two ІН NMR spectra shown here are given by constitutional isomers with molecular formula C4H;Br. 
Identify each isomer. 
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Spectroscopy Problems 


24. An unknown alkene with molecular formula СН undergoes ozonolysis. Only one product is formed. The 
ІВ and 'H NMR spectra of the product are shown here. What is the product? What alkene produced this 
product? 
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Spectroscopy Problems 


25. Identify the compound with molecular formula C4H;BrO, that gives the following IR and ЇН NMR spectra. 
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26. Identify the compound with molecular formula C;H,Cl, that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 


27. A compound with the following IR spectrum was formed by a reaction with 1-ргорупе. If the number of 
carbons in the reactant and product is the same, what compound is formed and what reaction conditions 
produced this compound? 
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28. Identify the compound with molecular formula C4HgO; that gives the following ЇН and ЗС NMR spectra. 
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Offset: 0.4 ppm. 
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Spectroscopy Problems 


29. Identify the compound with molecular formula C4HO; that gives the following ЇН NMR spectrum. 


~11.8 


30. Identify the compound with molecular formula C9H;,NO that gives the following ЇН NMR spectrum. 


31. Identify the compound with molecular formula CoH, О» that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 


32. Тһе PC NMR and 'Н NMR spectra of 1, 2-, 1, 3-, and 1, 4-ethylmethylbenzene are shown here. Determine 
which spectrum belongs to which compound. 
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Spectroscopy Problems 


c 160 140 120 100 80 60 40 20 0 


Solvent 


Identify the compound with molecular formula C;H;4O that gives the following ЇН NMR spectrum. 


Spectroscopy Problems 


34. Identify the compound with molecular formula С;Н, that gives the following ЇН NMR spectrum. 


35. Identify the compound with molecular formula C3H,O that gives the following IR and ЇН NMR spectra. 
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Spectroscopy Problems 


Identify the compound with molecular formula C4H;CI that gives the following ЇН NMR spectrum. 


Identify the alcohol that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 


An unknown alcohol gives the following 'H NMR spectrum. Identify the alcohol. (HINT: Because this is a 
spectrum of a pure alcohol, the OH proton is split by adjacent protons.) 


Identify the compound with molecular formula С5Н!2О› that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 


40. Identify the compound with molecular formula C4H;NO that gives the following IR and ЇН NMR spectra. 
100 0.0 
90 0.05 
80 r 0.1 
70 
r 0.2 


22 


D 
© 
MAZYSAA-ZHZ> AAR 


| 

Т 
БЫ 
о 


| 

1 
о 
E 


Bay о 
T T 
© © 
~ л 


0 
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 


2000 


1800 1600 1400 


WAVENUMBERS 


1200 


1000 


800 


600 


41. 


Spectroscopy Problems 


The ЇН NMR spectra shown here are given by constitutional isomers of propylamine (C;H5N). Identify the 
isomer that gives each spectrum. 


a. 
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Spectroscopy Problems 


42. Identify the compound with molecular formula C3H}N that gives the following IR and ЇН NMR spectra. 
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43. Identify the compound with molecular formula C,HoBrO that gives the following ЇН NMR spectrum. 
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Spectroscopy Problems 


44. Identify the compound with molecular formula C7HgO, that gives the following IR and NMR spectra. 
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Spectroscopy Problems 


Identify the alcohol that gives the following 'H NMR spectrum. 


5 4 3 2 1 0 


Identify the compound with molecular formula СНО, that gives the following ЇН NMR data. The num- 
ber of hydrogens responsible for each signal is given in parentheses. 


1.1 ppm (6H) doublet 2.2 ppm (2H) quartet 
1.7 ppm (3H) triplet 3.8 ppm (1H) septet 


Identify the compound with molecular formula СоН!оО that gives the following ЇН NMR data. The num- 
ber of hydrogens responsible for each signal is given in parentheses. 


1.4 ppm (2H) multiplet 3.8 ppm (2H) triplet 

2.5 ppm (2H) triplet 6.9—7.8 ppm (4H) multiplet 

Identify the compound with molecular formula СНО that gives the following ЇН NMR data. 
1.1 ppm (18H) singlet 2.2 ppm (4H) singlet 

Identify the compound with molecular formula C4HgO that gives the following ЇН NMR data. 
1.6 ppm (4H) multiplet 3.8 ppm (4H) triplet 

Identify the compound with molecular formula C,5H,4,O3 that gives the following ІН NMR data. 
3.8 ppm (6H) singlet 7.7 ppm (4H) doublet 


7.3 ppm (4H) doublet 


Spectroscopy Problems 


Answers to Spectroscopy Problems 


There are three straight-chain pentanols: 1-pentanol, 2-pentanol, and 3-pentanol. Because the most stable 
fragment for an alcohol is the one formed by a-cleavage, we can see which of the alcohols will form the 
base peak shown in the spectrum (that is, a base peak with m/z = 45) as a result of a-cleavage. 


For 1-pentanol, only one a-cleavage is possible. It will form a cationic fragment with m/z = 31. 


a-cleavage 
> 


. + 
CH;CH,CH,CH, —CH, — OH CH,CH;CH,CH, + HO=CH, 


m/z = 31 


For 2-pentanol, two a-cleavages are possible. One will form a cationic fragment with m/z = 73 anda 
methyl radical. The second will form a cationic fragment with m/z = 45 and a propyl radical. Because a 
propyl radical is more stable than a methyl radical, the base peak is expected to have m/z = 45. 


"a 
CH,—CHCH,CH,CH, 


a-cleavage 


4 + 
- CH, + HO=CHCH,CH,CH; 


m/z = 73 


ОН 


| a-cleavage 
— o 


R + 
CH,;CH—CH,CH,CH, CH,CH,CH, + HO—CHCH; 


m/z = 45 


For 3-pentanol, only one a-cleavage is possible because of the symmetry of the molecule. a-Cleavage will 
form a cationic fragment with m/z — 59. 


OH 


| a-cleavage 
————————- 


è + 
CH,;CH,—CH—CH,CH; CH,CH, + НО== СНСН,СН; 


m/z = 59 


The base peak of the given mass spectrum has m/z = 45. Thus, the mass spectrum is that of 2-pentanol. 
We also see a significant fragment at m/z = 73, the m/z value of the other a-cleavage product. 
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Spectroscopy Problems 


First, we must first identify the molecular ion. The molecular ion, the peak that represents the intact start- 
ing compound, has an m/z = 74. Now we can use the rule of 13 to determine the molecular formula. 


74 
13 — 5 carbons with 9 left over 


From the rule of 13, we end up with a molecular formula of C;H,4. Because the compound is an ether, we 
know that it has one oxygen, so we must add one O and subtract one C and four Hs from the molecular 
formula. The resulting molecular formula is: 


гел: е) 


There are three ethers that have this molecular formula: methyl propyl ether, diethyl ether, and isopropyl 
methyl ether. 


„Очы ө ки 


First, we need to determine what the most abundant cationic fragments would be for each compound. 
The possible fragments for pentane are: 
+ 

1 CH;—CH,CH,CH,CH;} | ————- CH, + +CH,CH,CH,CH; 
m/z = 57 
2 CH,CH,—CH,CH,CH, = -CH,CH,; + +CH,CH,CH; 
m/z — 43 
m/z — 29 


+ 
4 CH,—CH,CH,CH,CH, + -CH,CH,CH,CH, + +CH, 


m/z = 15 


The most abundant fragments are going to ђе the result of bond cleavages that produce the most stable 
cations and radicals. Fragments from patterns 2 and 3 should be the most common because both the cations 
and the radicals formed are primary. 


Fragmentation pattern 2 is expected to give the base peak (the most stable fragment). The cation formed in 
pattern 2 (m/z = 43) will be more stable than the cation formed in pattern 3 (m/z = 29), because the lon- 
ger fragment will result in greater inductive stabilization (the longer chain will do a better job of stabilizing 
the carbocation). 


Fragments from fragmentation patterns | and 4 are expected to be less common. They each form a pri- 
mary species, like fragmentation patterns 2 and 3, but the second species they form is a methyl fragment 
(either a radical or a carbocation), which is less sable than the second species formed in fragmentation 
patterns 2 and 3. 


Spectroscopy Problems 


Only four fragmentation patterns are shown for isopentane. Fragmentations that would result in only a pri- 
mary fragment and a methyl fragment have been excluded because these would be less abundant than those 
shown here. 


CH, 
i TE — .CH, + CH,CHCH,CH, 
m/z = 57 
CH; oe 
: ЕА —  CH,CHCH,CH, + +CH; 
m/z = 15 
CH, У CH, 
- йм нс — -CH,CH,; + син 
т/ = 43 
+ 


CH; CH; 


— — . CHCH + +CH,CH; 


| 
CH4CH — CH;CH; 
m/z = 29 


The four major fragments occur at the same m/z values (57, 43, 29, and 15) as those found for pentane, but 
their relative intensities are different. 


Fragmentation patterns 1 and 3 are expected to produce the most abundant fragments because they both 
form a secondary cation, and the stability of the cation is more important than the stability of the radical in 
determining the most abundant fragments. Therefore, we expect a base peak with m/z — 43 (because the 
secondary cation is accompanied by a primary radical) and a less intense peak with m/z — 57 (because 
the secondary cation is accompanied by a methyl radical). 


Both spectra show a base peak at т/ = 43. The major difference in the two spectra is the intensity of the 
peak with m/z — 57. The spectrum of isopentane should show a more intense peak because it is due to a 
secondary cation, whereas the peak with m/z = 57 in the spectrum of pentane is due to a primary cation. 


Thus, pentane gives the first mass spectrum and isopentane gives the second. 
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Spectroscopy Problems 


The molecular ion for this compound has an m/z = 73. The nitrogen rule states that if a molecular ion has 
an odd value, then the structure must have an odd number of nitrogens. Therefore, we can eliminate the 
alkane, the ketone, and the ether. 


Now we can determine the molecular formula of the compound using the rule of 13. When we subtract 14 
(the mass of nitrogen) from 73, we get 59. 


= = 4 carbons with 7 left over 


Therefore, the molecular formula is C4H,,N. Both amines given as possible structures have this formula. 


To determine which of the amines is the source of the spectrum, we can take clues from how ethers and 
alcohols cleave and apply them to amines. Oxygen-containing species undergo a-cleavage. If nitrogen be- 
haves similarly, then we would expect a fragment to form by cleaving a С— С bond alpha to the nitrogen 
in each compound. Given the relative stability of this fragment, we can anticipate that it will be the base 
peak of the mass spectrum. 


SU ec avcteavage | и len 
бн, бн, 
m/z = 58 
CH, 


a-cleavage 


РЙ > + 
НМ СН»СН»СН» Н,М= СН, + -CH,CH,CH; 


m/z = 30 
a-Cleavage of N,N-dimethylethylamine gives a cation with m/z = 58. a-Cleavage of butylamine gives 


a cation with m/z = 30. The spectrum shows a base peak with m/z = 58, indicating that the compound 
that gives the spectrum is N,N-dimethylethylamine. 


The mass spectrum has two peaks of identical height with m/z values = 136 and 138, indicating the pres- 
ence of bromine in the product. (Bromine has two isotopes of equal abundance with weights of 79 and 
81 amu.) 


Now we need to think about the type of reaction that occurred. 


Under acidic conditions, the starting material (1-butanol) will be protonated. 
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Spectroscopy Problems 


The protonated alcohol now has a leaving group that can be replaced by a nucleophile. Because we know 
that bromine is present in the product, we can assume that bromide ion is the incoming nucleophile. 


H 


| T " 
к :Вг: Se. us BE F H,O 
Б 
We now know that the product of the reaction is 1-bromobutane. The acid, which must be the source of 
the nucleophile, is HBr. 


The two signals near 7 and 8 ppm are due to the hydrogens of a benzene ring. Because these signals inte- 
grate to 4 protons, the benzene ring must be disubstituted. Since both signals are doublets, the protons that 
give each signal must each be coupled to one proton (V + 1 = 1 + 1 = 2). Thus, the substituents must 
be at the 1- and 4-positions. The proton or set of protons that gives the signal at the lowest frequency is 
labeled a, the next lowest b, and so on. 


By subtracting the six Cs and four Hs of the benzene ring from the molecular formula, we know that the 
two substituents contain three Cs, six Hs, and three Os (СУН 0; — C6H4 = C4H4$0j). 


A triplet (1.4 ppm) that integrates to 3 protons and a quartet (4.2 ppm) that integrates to 2 protons are 
characteristic of an ethyl group. Because the signal for the СН, group of the ethyl substituent appears at a 
relatively high frequency, we know that it is attached to an electronegative atom (in this case, an O). 


The presence of the CH;CH,O group consumes more of the remaining molecular formula 
(C3;H,03 — C,H;0 = CHO)). There is one remaining NMR signal, a singlet (9.8 ppm) that integrates to 1 
proton. 


To help with the identification, we turn to the IR spectrum. The broad absorption near 3200 ст“ ! indicates 
the О —H stretch of an alcohol; the proton of the OH group would give the broad NMR signal at 9.8 ppm. 
The strong absorption at 1680 ст! indicates the presence of a carbonyl C=O group. 


Now that all the fragments of the compound have been identified, we can put them together. The com- 
pound is ethyl 4-hydroxybenzoate. 


31 


32 


Spectroscopy Problems 


The signals at 1.1 and 1.8 ppm have been magnified and are shown as insets on the spectrum (the 2 and 1 
represent the ppm scale) so you can better see the splitting. The triplet (1.1 ppm) that integrates to 3 pro- 
tons and the quartet (1.8 ppm) that integrates to 2 protons are characteristic of an ethyl group. (The peak to 
the right of the quartet is actually the beginning of the adjacent signal that integrates to 6 protons.) 


The singlet (1.7 ppm) that integrates to 6 protons indicates that there are two methyl groups in the same 
environment. Because the signal is a singlet, the carbon to which they are attached cannot be bonded to any 
hydrogens. The only atom not accounted for in the molecular formula is Br. 


Therefore, the ethyl group and the bromine must be the two substituents that are attached to the carbon. 
Thus, the compound is 2-bromo-2-methylbutane. 
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A major clue comes from the IR spectrum. The strong absorption at ~1710 ст! indicates the presence 
of a carbonyl (С=О) group. Because the compound has only one oxygen, we know that it must be an 
aldehyde or a ketone. The absence of absorptions at 2820 and 2720 cm ' tells us that the compound is not 
an aldehyde. 


The absorptions at 2880 and 2970 ст! are due to C—H stretches of hydrogens attached to sp? carbons. 


The ЇН NMR spectrum has two unsplit signals. One integrates to 9 protons, the other to 3 protons. A signal 
that integrates to 9 protons suggests a fert-butyl group, and a signal that integrates to 3 protons suggests 
a methyl group. The fact that they are both singlets indicates that they are on either side of the carbonyl 
group. Thus, the compound is 3,3-dimethyl-2-butanone. 


That the methyl group shows a signal at ~2.1 ppm reinforces this conclusion because that is where a 
methyl group attached to a carbonyl group is expected to occur. 
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Spectroscopy Problems 
From the reaction conditions provided, we know that the product is a monochlorinated toluene. 
CH; CH; 


CL, AICI, 
= 


CI 
The singlet (2.3 ppm) that integrates to 3 protons is due to the methyl group. 


The signals in the 7—8 ppm region that integrate to 4 protons are due to the protons of a disubstituted ben- 
zene ring. Because both signals are doublets, we know that each proton is coupled to one adjacent proton. 
Thus, the compound has a 1,4-substituted benzene ring. 


Therefore, the compound is 4-chloromethylbenzene. 


The strong and broad absorption in the IR spectrum at 3400 cm! indicates a hydrogen-bonded O—H 
group. The absorption bands between 2800 and 3000 ст! indicate hydrogens bonded to sp? carbons. 


There is only one signal in the ЇН NMR spectrum that integrates to 1 proton, so it must be due to the 
hydrogen of the OH group. The singlet that integrates to 3 protons can be attributed to a methyl group that 
is attached to a carbon that is not attached to any hydrogens. 


Since the other two signals show splitting, they represent coupled protons (that is, protons on adjacent car- 
bons). The quartet and triplet combination indicates an ethyl group. Since the quartet and triplet integrate 
to 6 and 4 protons, respectively, the compound must have two ethyl groups. 


The identified fragments of the molecule are: 


ji pur 
H,—C—H, 2 иаа. —O—H, 
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When these fragments are subtracted from the molecular formula, only one carbon remains. Therefore, this 
carbon must connect the four identified fragments. The compound is 3-methyl-3-pentanol. 


oe 


OH 
The 'H NMR spectrum contains only one signal, so only one type of hydrogen is present in the mol- 


есше. Because the compound has 4 carbons and 9 identical hydrogens, the compound must be tert-butyl 
bromide. 
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Spectroscopy Problems 


The molecular formula indicates that the compound is a hydrocarbon with one degree of unsaturation. The 
IR spectrum can tell us whether the degree of unsaturation is due to a cyclic system or a double bond. The 
absorption of moderate intensity near 1660 ст! indicates a C=C stretch. The absorption at ~3100 ст ', 
due to C—H stretches of hydrogens attached to sp? carbons, reinforces the presence of the double bond. 


The two relatively high-frequency singlets (4.7 ppm) is given by vinylic protons. Because the signal inte- 
grates to 2 protons, we know that the compound has two vinylic protons. Because the signals are not split, 
the vinyl protons must not be on adjacent carbons. Thus, they must be on the same carbon. 


The singlet (1.8 ppm) that integrates to 3 protons must be a methyl group. Because it is a singlet, the 
methyl group must be bonded to a carbon that is not attached to any protons. 


The doublet (1.1 ppm) that integrates to 6 protons and the septet (2.2 ppm) that integrates to 1 proton 15 
characteristic of an isopropyl group. 


isopropyl group 


Now that we know that the compound has a methyl group, an isopropyl group, and two vinylic hydrogens 
attached to the same carbon, the compound must be 2,3-dimethyl-1-butene. 


The signals in the 'H NMR spectrum between 6.7 and 6.9 ppm indicate the presence of a benzene ring. 
Because the signals integrate to 3 protons, it must be a trisubstituted benzene ring. 


The triplet (6.7 ppm) that integrates to 1 proton and the doublet (6.9 ppm) that integrates to 2 protons tell 
us that the three substituents are adjacent to one another. (The На protons are split into a doublet by the H, 
proton, and the H, proton is split into a triplet by the two На protons.) 


Subtracting the trisubstituted benzene (СНз) from the molecular formula leaves C;H;O unaccounted for. 
The singlet (2.2 ppm) that integrates to 6 protons indicates that there are two methyl groups in identical 
environments. Now only OH is left from the molecular formula. The singlet at 4.6 ppm is due to the proton 
of the OH group. The compound is 2,6-dimethylphenol. 


OH 
CH; CH, 
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Spectroscopy Problems 


A major clue to the compound’s structure comes from the IR spectrum. The strong absorption at 
~ 1740 cm“! indicates the presence of a carbonyl (C=O) group. Since the compound has only one oxygen, 
the compound must be an aldehyde or a ketone. The absence of absorptions at 2820 and 2720 ст! tells us 
that the compound is not an aldehyde. 


The NMR spectrum shows a singlet (2.3 ppm) that integrates to 3 protons, indicating that it is due to a 
methyl group. The chemical shift of the signal (hydrogens attached to carbons adjacent to carbonyl car- 
bons typically have shifts between 2.1 and 2.3 ppm) and the fact that the signal is a singlet suggest that the 
methyl group is directly attached to the carbonyl group. 


CH; 


The two remaining signals are split, indicating that the protons that give these signals are attached to ad- 
jacent carbons. Because the signal at 4.3 ppm is a quartet, we know that the proton that gives this signal is 
bonded to a carbon that is attached to a methyl group. The other signal (1.6 ppm) is a doublet, so the proton 
that gives this signal is bonded to a carbon that is attached to one hydrogen. 


When these two fragments are subtracted from the molecular formula, only a Cl remains. 


The only possible arrangement has the alkyl group directly bonded to the other side of the carbonyl group 
and the chlorine on the last available bond. The relatively high-frequency chemical shift of the quartet (4.3 
ppm) reinforces this assignment because it must be attached to an electronegative atom. Thus, the com- 
pound is 3-chloro-2-butanone. 
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Given the simplicity of the ЇН NMR spectrum, the product must be highly symmetrical. 


The singlet (7.4 ppm) that integrates to 4 protons is due to benzene-ring protons. Because there are four 
aromatic protons, we know that the benzene ring is disubstituted. Because the signal is a singlet, we know 
that the four protons are chemically equivalent. Therefore, the two substituents must be the same and they 
must be on the 1- and 4-positions of the benzene ring. 
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Spectroscopy Problems 


Subtracting the disubstituted benzene ring from the molecular formula, only C;H4Br; remains. Thus, each 
substituent must contain | carbon, 2 hydrogens, and 1 bromine. The compound that gives the spectrum, 


therefore, is the one shown here. 
вси, сны 


The molecular formula indicates that the compound has two degrees of unsaturation. The weak absorption 
at ~2120 ст! is due to a carbon-carbon triple bond, which accounts for the two degrees of unsaturation. 
The intense and sharp absorption at 3300 cm! is due to the C—H stretch of a hydrogen attached to an sp 
carbon. The intensity and shape of this absorption distinguishes it from an alcohol (intense and broad) and 
an amine (weaker and broad). Thus, we know that the compound is a terminal alkyne. 


The absorptions between 2800 and 3000 ст! are due to the C—H stretch of hydrogens attached to sp? 
carbons. 


All three signals in ће ЇН NMR spectrum are singlets, indicating that none of the protons that give these 
signals have any neighboring protons. The singlet (2.4 ppm) that integrates to 1 proton is the proton of the 
terminal alkyne. 


—C=C—H 


The two remaining signals (3.4 and 4.1 ppm) that integrate to 3 protons and 2 protons, respectively, can be 
attributed to a methyl group and a methylene group. When the alkyne fragment and the methyl and methy- 
lene groups are subtracted from the molecular formula, only an oxygen remains. 


The arrangement of these groups can be determined by the splitting and the chemical shift of the signals. 
Since each signal is a singlet, the methyl and methylene groups cannot be adjacent or they would split each 
other’s signal. Since the terminal alkyne and the methyl group must be on the ends of the molecule, the 
only possible arrangement is shown below. Thus, the compound is 3-methoxy-1-propyne. 


CH,0CH,C=CH 


Notice that both the methyl and methylene groups show strong deshielding because of their direct 
attachment to the oxygen. The methylene hydrogens are also deshielded by the neighboring alkyne. 


The signals in the 'H NMR spectrum between 6.5 and 7.2 ppm indicate the presence of a benzene ring. 
Since the signals integrate to 3 protons, it must be a trisubstituted benzene ring. 


The singlet (2.1 ppm) that integrates to three protons must be a methyl group; 2.1 ppm is characteristic of 
protons bonded to a benzylic carbon. 


When the trisubstituted benzene ring (C6H3) and the methyl group (CH3) are subtracted from the molecular 
formula, NH5Br is all that remains. Thus, the three substituents must be a methyl group, bromine, and an 
amino group (NH3). The amino group gives the broad singlet (3.6 ppm) that integrates to 2 protons. Hydro- 
gens attached to nitrogens and oxygens typically give broad signals. 
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Spectroscopy Problems 


The substitution pattern for the trisubstituted benzene can be determined from the splitting patterns. 
Because the signal (6.5 ppm) that integrates to 1 proton is a doublet, we know that the proton that gives this 
signal has only one neighboring proton. Looking at the magnification of the signal at 7.1 ppm, we see that 
it is actually two separate signals. One is a singlet, and, therefore, it is attached to a carbon that is separated 
by substituents from the carbons that are attached to protons. The other signal is a doublet that integrates to 
1 proton; because it gives a doublet, we know that it is next to the proton that gives the doublet at 6.5 ppm. 


To determine the relative positions of the substituents, the chemical shifts must be analyzed. Bromine is 
the most electronegative substituent and, therefore, must be adjacent to the two protons that give signals at 
7.1 ppm. Thus, Z is Br. The amino group donates its lone-pair electrons into the ring, so it shields benzene- 
ring protons. Thus, the signal at 6.5 ppm is from a proton in close proximity to the amino group. Therefore, 
X must be the amino group. 


The compound is that gives the spectrum is shown here. 


NH, 
CH, 


Br 


The two compounds that produce the spectra have the following structures. 


CICH,CH,CH,Br CICH;CH;CH,I 


l-bromo-3-chloropropane  1-chloro-3-iodopropane 


The number of signals (three) and the splitting patterns are identical for each compound. The only differ- 
ence is variations in the chemical shift due to the different electronegativities of bromine and iodine. 


Because chlorine is more electronegative than bromine or iodine, the protons bonded to the carbon that is 
attached to chlorine will have the most deshielded signal (that is, the signal that occurs at the highest fre- 
quency). This is the triplet that occurs at 3.7 ppm in both spectra. 


The spectra differ in the signal that occurs at 3.4 ppm in the top spectrum and the one that appears at 3.6 
ppm in the second spectrum. Because bromine is more electronegative than iodine, the protons bonded to 
the carbon that is attached to bromine will occur at a higher frequency than the protons bonded to the car- 
bon that is attached to iodine. 


Thus, 1-chloro-3-iodopropane gives the top spectrum, and 1-bromo-3-chloropropane gives the bottom 
spectrum. 
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Spectroscopy Problems 


The molecular formula shows that the compound has one degree of unsaturation, indicating a cyclic com- 
pound, an alkene, or a carbonyl group. 


A cyclic system containing an oxygen (a cyclic ether) would have the most deshielded signal at ~3.5 ppm, 
which would be due to the hydrogens attached to the carbon adjacent to the oxygen. Therefore, a cyclic 
ether would not give a signal at 6.4 ppm, so it can be ruled out. 


Protons attached to a carbon adjacent to a carbonyl group show a signal at ~2.1 ppm. Since there is no 
signal in that region, a carbonyl group can also be ruled out. 


Vinylic protons would account for the signals in the 3.9—4.2 ppm range that integrate to 2 protons, so we 
can conclude that the compound is an alkene. Because a highly deshielding oxygen is also present, the 
high-frequency signal (6.4 ppm) is not unexpected. 


The triplet (1.3 ppm) that integrates to 3 protons and the quartet (3.8 ppm) that integrates to 2 protons 
indicate the presence of an ethyl group. The fact that the quartet is deshielded suggests that the ethyl's 
methylene group is attached to the oxygen. 


The highly deshielded doublet of doublets (6.4 ppm) that integrates to 1 proton suggests that the proton 
that gives this signal is attached to an sp? carbon that is attached to the oxygen. The fact that the signal is 
a doublet of doublets indicates that it is split by each of two nonidentical protons on the adjacent carbon. 
Thus, the compound is ethyl vinyl ether. 


£f X 
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The identification is confirmed by the two doublets (—4.0 and 4.2 ppm) that each integrate to 1 proton. 
When those signals are magnified, we can see that each is really a doublet of doublets. The doublets of 
doublets are not well defined because of the small coupling constant (J value) for geminal coupling on 
sp? carbons. 


The doublet (1.2 ppm) that integrates to 6 protons and the septet (5.0 ppm) that integrates to 1 proton are 
characteristic of an isopropyl group. (The two methyl groups are split by a single proton, and the single 
proton is split by six protons.) 


The remaining signal (a singlet at a tiny bit more than 2.0 ppm) that integrates to 3 protons indicates an 
unsplit methyl group. 


When the isopropyl and methyl groups are subtracted from the molecular formula, one carbon and two 
oxygens are left over. Thus, the compound has the following fragments: 


Spectroscopy Problems 


There are two ways these fragments can be pieced together. Because the most deshielded signal in the 
spectrum (the one at 5.0 ppm) is the proton bonded to the central carbon of the isopropyl group, that carbon 
must be directly attached to the oxygen. Thus, the compound is isopropyl acetate. 
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methyl 2-methylpropanoate isopropyl acetate 
21. The IR spectrum shows an absorption at ~ 1700 ст! for a C=O stretch and a very broad absorption 


(2300-3300 cm ^!) for an O— Н stretch, indicating that the compound is a carboxylic acid. Intermolecular 
hydrogen bonding explains the broad nature of this peak and also the broader-than-expected carbonyl peak. 
The proton of the carboxylic acid gives a singlet at 12.4 ppm in the NMR spectrum. 


The two doublets (7.5 and 7.9 ppm) that each integrate to 2 protons indicate a 1,4-disubstituted benzene ring. 


Subtracting the disubstituted benzene ring and the COOH group from the molecular formula leaves CH5Br, 
so we know that the second substituent is a bromomethyl group; it gives the singlet at ~4.7 ppm. 


Therefore, the compound that gives the spectrum is the one shown here. 
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22. The signals with chemical shifts in the range of 7-8 ppm are due to benzene-ring protons. Because the 
three signals integrate to a total of 5 protons, we know that the benzene ring is monosubstituted. 


The singlet at 10 ppm indicates the hydrogen of an aldehyde or a carboxylic acid. Since there is only 
one oxygen in the molecular formula, we know the compound is an aldehyde. Thus, the compound is 
benzaldehyde—a compound with a monosubstituted benzene ring and an attached aldehyde. 


O 


23. In the first spectrum, the doublet (~ 1.7 ppm) that integrates to 6 protons and the septet (~4.2 ppm) that in- 
tegrates to 1 proton indicate an isopropyl group. When the isopropyl group is subtracted from the molecular 
formula, only a Br remains. Thus, the compound is 2-bromopropane. 
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Spectroscopy Problems 


In the second spectrum, the triplet (~ 1.0 ppm) that integrates to 3 protons is a methyl group that is attached 
to a methylene group. The triplet (~ 3.4 ppm) that integrates to 2 protons is a methylene group that is also 
attached to a methylene group; the highly deshielded nature of the signal indicates that the carbon is at- 
tached to an electronegative group. Thus, the compound is 1-bromopropane. 


The structure is confirmed by the multiplet (— 1.8) that integrates to 2 protons; the signal is split by both the 
adjacent methyl and methylene groups. 


Notice that the pattern of a triplet that integrates to 3 protons, a multiplet that integrates to 2 protons, and a 
triplet that integrates to 2 protons is characteristic of a propyl group. 


A strong and sharp absorption in the IR spectrum at ~ 1730 ст! indicates a carbonyl (C=O) group. The 
two absorptions at 2710 and 2810 cm! tell us that the product of ozonolysis is an aldehyde. The aldehydic 
proton is also visible in the NMR as a singlet (9.0 ppm) that integrates to 1 proton. 


The NMR spectrum has two additional signals. One is a doublet (1.1 ppm) that integrates to 6 protons 
and the other is a septet (2.4 ppm) that integrates to 1 proton. This is characteristic of an isopropyl group. 
Therefore, we know that the product of ozonolysis is 2-methylpropanal. 


A. 


Because only one product is formed, we know that the alkene that formed the aldehyde must be symmetri- 
cal. The identification of the aldehyde also agrees with the molecular formula of the alkene that underwent 
ozonolysis—that is, an eight-carbon symmetrical alkene will form a four-carbon carbonyl compound. 


There are two symmetrical alkenes that will form 2-methylpentanal—trans-2,5-dimethyl-3-hexene and 
cis-2,5-dimethyl-3-hexene. We are not given any information that would distinguish between the two 
stereoisomers. Thus, the unknown alkene can be either of the two stereoisomers. 


27 or 
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The strong and sharp absorption in the IR spectrum at ~ 1720 ст! indicates the presence of a carbonyl 
group. The broad absorption centered at 3000 ст! tells us that the carbonyl-containing compound is а 
carboxylic acid. The broad singlet (12.0 ppm) in the NMR spectrum (shown as offset by 0.2 ppm from 
where it is placed on the spectrum) confirms the presence of a carboxylic acid group. 


The only other signal in the NMR spectrum is a singlet (2.0 ppm) that integrates to six protons, indicating 
two methyl groups in the same environment. Because the signal is a singlet, the methyl groups must be 


26. 


27. 


Spectroscopy Problems 


attached to a carbon that is not attached to a proton. Because we know that the compound has only four 
carbons and contains a bromine, the compound must be 2-bromo-2-methylpropanoic acid. 
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The quintet (~ 2.2 ppm) that integrates to 2 protons indicates that the protons that give this signal have 
four identical neighboring protons. A carbon cannot be bonded to four protons and still be able to bond to 
anything else, so the two protons that give the quintet must be bonded to a carbon that is attached to two 
methylene groups in the same environment. 


The triplet (~3.8 ppm) that integrates to 4 protons must be the signal for the four protons of the two 
methylene groups. The two methylene groups must be on either side of a carbon that is bonded to two pro- 
tons (that is, the protons that give the quintet). 
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There are two bonds left unaccounted for, so this is where the two chlorines shown in the molecular for- 
mula go. Therefore, the compound is 1,3-dichloropropane. The highly deshielded nature of the signal at 
3.8 ppm for the protons bonded to the carbons that are attached to chlorines is further evidence that the 
chlorines are attached to these carbons. 


CICH,CH,CH,Cl 


The IR spectrum shows a strong and sharp absorption at ~ 1720 cm “|, indicating a carbonyl (C=O) group. 
The two absorptions at 2720 and 2820 ст! are characteristic of an aldehyde; they are due to the C—H 
stretch of the bond between the carbonyl carbon and the aldehydic hydrogen. Because the reactant has 
three carbons, the aldehyde that produces the IR spectrum must also have three carbons. Therefore, the 
product of the reaction is propanal. 


/ 
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Thus, the reaction that occurred was the conversion of 1-propyne to propanal. This reaction can occur by 
hydroboration-oxidation of the alkyne. 


O 
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Spectroscopy Problems 


The short signal at ~ 185 ppm in the PC NMR spectrum suggests the presence of the carbonyl group of a 
carboxylic acid. 


The broad singlet (12.2 ppm) in the 'H NMR spectrum that integrates to 1 proton confirms that the com- 
pound contains a carboxylic acid group. 


The doublet (1.2 ppm) that integrates to 6 protons and the septet (2.6 ppm) that integrates to 1 proton are 
characteristic of an isopropyl group. 


CH; O 
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CH—C 
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The breath of the singlet (11.8 ppm) that integrates to 1 proton indicates a hydrogen that is attached to an 
oxygen. The chemical shift of the signal indicates that it is due to the OH group of a carboxylic acid. 
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OH 


The triplet (~0.9 ppm) that integrates to 3 protons is a methyl group that is attached to a methylene group. 
The triplet (~ 2.3 ppm) that integrates to 2 protons indicates a methylene group that is also attached to a 
methylene group; the chemical shift of this signal indicates that the protons that give this signal are closest 
to the electron-withdrawing carboxylic acid group. The multiplet at 1.7 ppm that integrates to 2 protons is 
given by the two protons that split the other two signals into triplets. 


We can conclude that the compound responsible for the spectrum is butanoic acid. 


/ 
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The singlet (~9.7 ppm) that integrates to 1 proton and the molecular formula that contains one oxygen 
suggest that an aldehyde is present. 


О==О 
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The signals at 7.7 and 6.7 ppm are due to benzene-ring protons. The fact that they are both doublets that 
integrate to 2 protons tells us that substituents are on the 1- and 4-positions of the benzene ring. 
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Spectroscopy Problems 


If the aldehyde group and the disubstituted ring are subtracted from the molecular formula, we find that 
the second substituent contains 2 carbons, 6 hydrogens, and 1 nitrogen. The remaining NMR signal 
(~3.0 ppm) is a singlet that integrates to 6 hydrogens. These must be due to two methyl groups in the same 
environment. The nitrogen must be between the two methyl groups or else they would split each other's 
signals. The nitrogen causes the signal for the methyl groups to appear at a higher frequency than where 
methyl groups normally appear. 


Thus, the compound is 4-(dimethylamino)benzaldehyde. 


CH; 
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The three signals between 7.4 and 8.1 ppm that together integrate to 5 protons indicate a monosubstituted 
benzene ring. Subtracting the monosubstituted ring (C6H5) from the molecular formula leaves СНО, to 
be accounted for. 


The two oxygens in the molecular formula tells us that the compound is an ester because a broad singlet 
between 10 and 12 ppm that would indicate a carboxylic acid is not present. The remainder of the molecule 
contains two carbons and five hydrogens. 


The two remaining signals, a triplet (1.4 ppm) that integrates to 3 protons and a quartet (4.4 ppm) that in- 
tegrates to 2 protons, are characteristic of an ethyl group. The three known segments can now be joined in 
one of two ways: 


О О 
| | 
с. wes 
ОСЊСЊ CH,CH, О 
phenyl propanoate 


ethyl benzoate 


The choice between the two compounds can be made by looking at the chemical shift of the methylene 
protons. In the ethyl ester, the signal will be highly deshielded by the adjacent oxygen. In the phenyl es- 
ter, the signal will be at ~2.1 ppm because the methylene protons would be next to the carbonyl group. 
Because the chemical shift of the methylene protons is 4.4 ppm, we know that the compound is ethyl 
benzoate. 


43 


32. 


44 


Spectroscopy Problems 


Because all three spectra are given by ethylmethylbenzenes, the low-frequency signals in both the 'H NMR 
and ^C NMR spectra can be ignored because they belong to the methyl and ethyl substituents. The key to 
determining which spectrum belongs to which ethylmethylbenzene can be found in the aromatic region of 
the 'H NMR and PC NMR spectra. 
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CH, CH, CH 
CH,CH, 


СН,СН; 
4-ethylmethylbenzene 3-ethylmethylbenzene 2-ethylmethylbenzene 


The aromatic region of the ^C NMR spectrum of 4-ethylmethylbenzene will show four signals because it 
has four different ring carbons. 


CH, 
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The aromatic region of the ^C NMR spectrum of 3-ethylmethylbenzene will show six signals because it 
has six different ring carbons. 


CH 
э #1 
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CHCH; 
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The aromatic region of the ^C NMR spectrum of 2-ethylmethylbenzene will also show six signals because 
it has six different ring carbons. 


CH; a 
CH,CH; 
#6 С! 
#9 #3 
#4 


We now know that spectrum (b) is the spectrum of 4-ethylmethylbenzene because its "C NMR spectrum 
has four signals and the other two compounds will show six signals. 


To distinguish between 2-ethylmethylbenzene and 3-ethylmethylbenzene, we need to look at the splitting 
patterns in the aromatic regions of the 'H NMR spectra. Analysis of the aromatic region for spectrum (c) is 
difficult because the signals are superimposed. Analysis of the aromatic region for spectrum (a) provides 
the needed information. A triplet (7.2 ppm) that integrates to 1 proton is clearly present. This means that 
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Spectroscopy Problems 


spectrum (a) is 3-ethylmethylbenzene because 2-ethylmethylbenzene would not show a triplet. Therefore, 
spectrum (c) is 2-ethylmethylbenzene. 


R 
R' 
— singlet (1H) 
E. R' doublet (2H) 
triplet (1H) doublet (2H) 
doublet (2H) 
splitting pattern for 3-methylethyl benzene splitting pattern for 2-methylethyl benzene 


The final assignments are: 
(a) 3-ethylmethylbenzene (b) 4-ethylmethylbenzene (с) 2-ethylmethylbenzene 


The simplicity of the NMR spectrum of a compound with 7 carbons and 14 hydrogens indicates that the 
compound must be symmetrical. From the molecular formula, we see that it has one degree of unsatura- 
tion. The absence of signals near 5 ppm rules out an alkene. Because the compound has an oxygen, the 
degree of unsaturation may be due to a carbonyl group. 


The doublet (1.1 ppm) that integrates to 12 protons and the septet (2.8 ppm) that integrates to 2 protons 
suggest the presence of two isopropyl groups. 


If two isopropyl groups are subtracted from the molecular formula, we find that the remainder of the mol- 
ecule is composed of one carbon and one oxygen. Thus, the compound is the one shown here. 


О 


YY 


The molecular formula tells us that compound has one degree of unsaturation. The multiplet (5.2 ppm) that 
integrates to 1 proton is due to a vinylic proton (that is, it is attached to an sp? carbon). Thus, the degree of 
unsaturation is due to a carbon-carbon double bond. Because there is only one vinylic proton, we can as- 
sume that the alkene is trisubstituted. 


Three additional signals are present that each integrate to 3 protons, suggesting that all three signals are 
due to methyl groups. The alkene, therefore, is 2-methyl-2-butene. 


CH, CH, 
m 
ff М 
CH, 


Notice that two of the three signals given by the methyl groups are singlets and one is a doublet. The 
methyl group that gives the doublet is bonded to the carbon that is attached to the vinylic proton. The other 
two methyl groups are bonded to the other sp” carbon. 
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Spectroscopy Problems 


A medium-intensity absorption at ~2120 ст! indicates the presence of a carbon-carbon triple bond. The 
sharp absorption at 3300 ст! is due to the C—H stretch of a hydrogen bonded to an sp carbon. Thus, the 
compound is a terminal alkyne. 


—C=C—H 


1 


The intense and broad peak centered at 3300 cm 15 evidence of an O—H group. 


The NMR spectrum can be used to determine the connectivity between the groups. The signal (2.5 ppm) 
that integrates to 1 proton is due to the proton of the terminal alkyne. 


The singlet (3.2 ppm) that integrates to 1 proton must be due to the proton of the OH group. 


The singlet (4.2 ppm) that integrates to 2 protons must be due to a methylene group that connects the triply 
bonded carbon to the OH group. The compound is 2-propyn-1-ol. 


H—C=C—CH,—OH 


This arrangement explains the absence of any splitting and the highly deshielded nature of the signal for 
the methylene group. 


The two singlets (4.9 and 5.1 ppm) that each integrate to 1 proton are vinylic protons. Therefore, we know 
that the compound is an alkene. 


The singlet (2.8 ppm) that integrates to 3 protons is a methyl group. The deshielding results from its being 
attached to an sp” carbon. 


If we subtract the two vinylic protons, the two sp” carbons of the alkene, and the methyl group from the 
molecular formula, we are left with CHCl. Thus, a chloromethyl! group is the fourth substituent of the al- 
kene and gives the singlet (4.9 ppm) that integrates to 2 protons. Its deshielding is due to the proximity to 
the electronegative chlorine. 


| | 
=н a 
H H 


Now we need to determine the substitution pattern of the alkene. The absence of splitting indicates that the 
two vinylic protons must be attached to the same carbon. If these protons were cis or trans to one other, 
they would give doublets with significant J values. Geminal protons attached to sp? carbons have very 
small J values, so splitting is typically not observed. 


Thus, the compound is 3-chloro-2-methyl-1-propene. 


CICH, 
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Spectroscopy Problems 


The only signal that integrates to 1 proton is the singlet at 2.2 ppm. This must be due to the OH group of 
the alcohol. 


The signals centered around 7.3 ppm are those given by benzene-ring protons. Because they integrate to 5 
protons, the benzene ring must be monosubstituted. 


The two triplets (2.8 and 3.8 ppm) that each integrate to 2 protons suggest two adjacent methylene groups. 
Both signals are fairly deshielded, indicating an electronegative atom nearby. 


The fragments identified at this point are a monosubstituted benzene ring, an OH group, and two adjacent 


methylene groups. 
o> Ho—.  —CH,CH,— 


There аге no other signals in the NMR spectrum, so the compound must be the one shown here. 


— 


The doublet (0.9 ppm) that integrates to 6 protons and the multiplet (1.8 ppm) that integrates to 1 proton 
suggest the presence of an isopropyl group. 


Because we are told that the compound is an alcohol, the other signal that integrates to 1 proton (the triplet 
at 2.4 ppm) must be due to the OH proton. The fact that the signal a triplet indicates that the OH group is 
probably attached to a methylene group. 


The signal for the methylene group must be the remaining signal at 3.4 ppm because it integrates to 2 
protons. The relatively high-frequency chemical shift confirms that the methylene group is attached to the 
oxygen. 


Putting together the isopropyl group and the methylene group that is attached to an OH group identifies the 


compound as 2-methyl-1-propanol. 
у ix 


The protons that are responsible for the doublet (1.2 ppm) that integrates to 6 protons must be adjacent to 
a carbon that is attached to only one proton. Because the spectrum does not have a signal that integrates 
to one proton, the compound must have two methyl groups in the same environment, and each must be 
adjacent to a carbon that is attached to one proton and those two single protons must also be in identical 
environments. 
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Spectroscopy Problems 


Because the compound must be symmetrical, the two oxygens in the compound must be due to two OH 
groups in identical environments. The hydrogens of the OH groups give a singlet (3.8 ppm) that integrates 
to 2 protons. 


LL Lt 
“TT dd 
H H 


The protons that give the triplet (2.6 ppm) must be bonded to a carbon that is adjacent to a total of two pro- 
tons. Because the triplet integrates to 2 protons, it must be due to a methylene group that connects the two 
pieces. 


This structure is confirmed by the relatively high-frequency multiplet (4.2 ppm) that is given by the protons 
attached to the carbons that are attached to the OH groups. The signal for these protons is split by both the 
adjacent methyl group and the adjacent methylene group. 


The absorption in the IR spectrum at ~ 1650 ст! could be due to either a carbonyl group or an alkene. 
Its strength and breadth tells us that it is probably due to a carbonyl (С=О) group. The strong and broad 
absorption at ~ 3300 cm! that contains two broad peaks suggests two N—H bonds; thus, an NH; group is 
present. When these two groups are subtracted from the molecular formula, all that is left is СУН». 


The triplet (~ 1.1 ppm) that integrates to 3 protons and the quartet (2.2 ppm) that integrates to 2 protons 
indicate the presence of an ethyl group; this accounts for the C,H; fragment. Thus, all the fragments of the 
compound have been identified: C=O, NH», and СЊСН. The compound, therefore, is propanamide. 


NH; 


The presence of an amide explains the lower-than-normal frequency of the C—O stretch in the IR spec- 
trum. The breadth of the N— H stretches confirms that these are amide N—H stretches and not amine 
N —H stretches. The broad singlets (6.2 and 6.6 ppm) in the NMR spectrum are given by the protons 
attached to the nitrogen. The protons resonate at different frequencies because the C-N bond has partial 
double bond character, which causes the protons to be in different environments. 


The singlet (2.3 ppm) in the first spectrum that integrates to 3 hydrogens must be due to an isolated methyl 
group. 


The triplet (1.1 ppm) that integrates to 3 protons and the quartet (2.5 ppm) that integrates to 2 protons are 
characteristic of an ethyl group. 


42. 


Spectroscopy Problems 


The singlet (4.8 ppm) that integrates to 1 proton must be due to a single hydrogen attached to nitrogen. 


| LÀ 
|o dT 1 
H H H H 


Now that the three fragments have been identified, we know that the compound is ethylmethylamine. 


H 


The second spectrum shows that a broad singlet (2.8 ppm) must be due to hydrogens that are attached to 
nitrogens. Because the signal integrates to 2 protons, we know that the compound is a primary amine. 


The triplet (0.8 ppm) that integrates to 3 protons is due to a methyl group that is adjacent to a methylene 
group. The triplet (2.7 ppm) that integrates to 2 protons must also be adjacent to a methylene group. The 
multiplet (1.5 ppm) that integrates to 2 protons is the methylene group that splits both the methyl and 
methylene groups. The two triplets and multiplet are characteristic of a propyl group.) 


Therefore, the compound is propylamine. 


H 


The relatively weak absorption in the IR spectrum at ~ 1650 ст! tells us it is probably due to a carbon- 
carbon double bond. This is reinforced by the presence of absorptions at ~ 3080 cm |, indicating C— H 
bond stretches of hydrogens attached to sp? carbons. 


The shape of the two absorptions at ~ 3300 ст“! suggests the presence of an NH; group of a primary 
amine. (Compare these to the shape of ће N — H stretches of an NH, group of an amide in Problem 39.) 


The three signals in the NMR spectrum between 5.0 and 6.0 ppm that integrate as a group to 3 protons in- 
dicate that there are three vinylic protons. Therefore, we know that the alkene is monosubstituted. 


The two remaining signals in the NMR spectrum are a doublet (3.3 ppm) and a singlet (1.3 ppm) that each 
integrate to 2 protons. Because splitting is not typically seen with protons attached to nitrogens, we can 
identify the singlet at 1.3 ppm as due to the two amine protons. The doublet must be due to a methylene 
group that is attached to an sp? carbon and split by a vinylic proton that is attached to the same carbon. The 
compound, therefore, is allylamine. 


/ 
H CH,NH, 


Now we can understand why the signal at 5.9 ppm is a multiplet. This vinylic proton is split by the 
methylene group and two unique vinylic protons. The signals for the other two vinylic protons are dou- 
blets because each is split by the single proton attached to the adjacent sp” carbon. Notice that the higher- 
frequency doublet has the larger J value. This is the signal for the proton that is trans to its coupled proton. 
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Spectroscopy Problems 


The molecular formula tells us that the compound does not have any degrees of unsaturation. Therefore, 
the oxygen must be the oxygen of either an ether or an alcohol. Because there are no signals that integrate 
to one proton, we can conclude that the compound is an ether. 


The triplet (1.2 ppm) that integrates to 3 protons and the quartet (3.5 ppm) that integrates to 2 protons sug- 
gests the presence of an ethyl group. The high-frequency chemical shift of the ethyl’s methylene group and 
the fact that it shows splitting only by the three protons of the methyl group indicate that the ethyl group is 
next to the oxygen. 


The two remaining signals are both triplets (3.4 and 3.5 ppm) and each integrates to 2 protons. Thus, the 
signals are due to two adjacent methylene groups. Because both signals occur at high frequencies, both 
must be attached to electron-withdrawing atoms. 


Because the molecular formula tells us that the compound contains a bromine, we can conclude that the 
compound is 2-bromoethyl ethyl ether. 


Li ll 
Ali Il © 
H H H H 


The IR spectrum shows a strong and broad absorption at ~ 3300 cm ', indicating that the compound is an 
alcohol. 


The signals in the NMR spectrum between 6 and 7 ppm indicate the presence of a benzene ring. Because 
these signals integrate to a total of 3 protons, the benzene ring must be trisubstituted. 


Because the signal at 6.3 ppm is a doublet, it must be adjacent to one proton; and since the signal at 6.7 
ppm is a triplet, it must be adjacent to two protons. Thus, the three benzene-ring protons must be adjacent 
to one other. 


The singlet at 8.7 ppm is the only signal in the spectrum that can be attributed to the proton of the OH 
group. Because the signal integrates to 2 protons, the compound must have two OH groups in the same 
environment. 


The singlet (2.0 ppm) that integrates to 3 protons indicates that the compound has a methyl group that is 
not adjacent to a carbon that is attached to any hydrogens. 


Therefore, we know that the three substituents that are attached to adjacent carbons on the benzene ring are 
two OH groups and a methyl group. Because the OH groups are in the same environment, the compound 
must be the one shown here. 


CH; 
HO OH 
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Spectroscopy Problems 


We are told that the compound is an alcohol. Because the singlet (1.4 ppm) is the only signal that integrates 
to 1 proton, it must be the signal given by the OH group. 


We know that a triplet that integrates to 3 protons and a quartet that integrates to 2 protons are characteris- 
tic of an ethyl group. In this case, the triplet (0.8 ppm) integrates to 6 protons and the quartet integrates to 4 
protons. Therefore, the compound must have two ethyl groups in identical environments. 


The only other signal in the spectrum is the singlet (1.2 ppm) that integrates to 3 protons. This signal must 
be due to a methyl group that is bonded to a carbon that is not attached to any hydrogens. 


LI | 
2 Honore n HO— 
H 


Because the NMR spectrum does not show any additional signals, the compound must be 3-methyl-3-pentanol. 


OH 


Da 


The doublet (1.1 ppm) that integrates to 6 protons and the septet (3.8 ppm) that integrates to 1 proton sug- 
gests an isopropyl group. The triplet (1.7 ppm) that integrates to 3 protons and the quartet (2.2 ppm) that 
integrates to 2 protons suggests an ethyl group. When these two groups are subtracted from the molecu- 
lar formula, all that remains is СО». The observed splitting patterns tell us that the isopropyl and ethyl 
groups are isolated from one another. We can conclude then that the compound is an ester. There are two 
possibilities: 


| | 
AES AES 
CH3CH, OCHCH; di CH3CH OCH,CH, 
Gy 3 
isopropyl propanoate ethyl 2-methylpropanoate 


Because the highest-frequency signal (the septet) is given by the CH of the isopropyl group, we know that 
the CH is attached to an oxygen. Therefore, we know that the compound that gives the NMR data is iso- 
propyl propanoate. 


The multiplet (6.9-7.8 ppm) that integrates to 4 protons indicates a disubstituted benzene ring. Because the 
signal is a multiplet, we know that the substituents are on either the 1- and 2-positions or the 1- and 3-po- 
sitions. If the substituents were on the 1- and 4-positions, either one singlet (if the two substituents were 
identical) or two doublets (if the substituents were not identical) would be observed. 


Three signals (1.4, 2.5, 3.8 ppm) each integrate to 2 protons. The fact that the signals are two triplets and a 
multiplet suggests that the compound has three adjacent methylene groups. (The methylene groups on the 
ends would be triplets and the one in the middle would be a multiplet.) 
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Spectroscopy Problems 


From the molecular formula, we know that the compound has an oxygen. The triplet at 3.8 ppm indicates 
that that particular methylene group is next to the oxygen. The two fragments that we have identified 
account for the entire molecular formula. Thus, the compound must have the structure shown here. 


C) 


The molecular formula indicates that the compound has one degree of unsaturation. The NMR spectrum 
does not show any signals in the area expected for vinylic protons, so the compound must be either a ke- 
tone or a cyclic ether. A cyclic ether would be expected to have protons on adjacent carbons, so the signals 
would show splitting. Because the two signals in the spectrum are both singlets, the compound must be a 
ketone. 


The fact that the compound has 11 carbons and 22 hydrogens but gives only two singlets in the NMR spec- 
trum indicates that the compound must be symmetrical. 


We know that a tert-butyl group gives a singlet that integrates to 9 protons. The symmetry of the molecule 
leads us to conclude that the singlet that integrates to 18 protons is due to two tert-butyl groups. We can 
then assume that the singlet that integrates to 4 protons is due to two nonadjacent methylene groups. 


Iu 
2 сше 2 —CH,— 
CH, 


These fragments account for all atoms in the molecular formula. Therefore, the compound must be 
2,2,4,4-tetramethyl-4-heptanone. 


cH, | CH; 

| | 
шы к 

CH, CH; 


2,2,6,6-tetramethyl-4-heptanone 


The molecular formula has one degree of unsaturation, so it must have a carbon-carbon double bond, a 
cyclic structure, or a carbonyl group. 


The signal (3.8 ppm) that integrates to 4 hydrogens suggests the presence of two methylene groups in iden- 
tical environments because, other than the carbon in methane, a single carbon cannot be attached to four 
hydrogens. The chemical shift suggests that each methylene group must be attached to an oxygen. Because 
there is only one oxygen in the compound, the two methylene groups must be attached to the same oxygen. 


CH,—O—CH, 
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Spectroscopy Problems 


The signal (1.6 ppm) that integrates to 4 hydrogens also suggests the presence of two methylene groups 
in identical environments. The four methylene groups and the oxygen account for all the atoms in the mo- 
lecular formula. Thus, the compound must be a cyclic ether. 


LÀ 


O 


The fact that the signal at the higher frequency is a triplet and the other signal is a multiplet confirms this 
structure. 


The doublet (7.3 ppm) that integrates to 4 protons and the doublet (7.7 ppm) that also integrates to 4 pro- 
tons are given by benzene-ring protons. Because a benzene ring does not have 8 protons, there must be two 
benzene rings in the compound. The doublets indicate that the benzene rings have substituents at the 1- and 
4-positions and, because each doublet integrates to 4 protons, the two substituents on each of the benzene 


rings must be the same. 


The singlet (3.8 ppm) that integrates to 6 protons suggests the compound has two methyl groups in an 
identical environment. The chemical shift of the singlet indicates that each is attached to an electronegative 
atom. The molecular formula indicates that the electronegative atom is an oxygen. 


2 —OCH, 


When the two disubstituted benzene rings and the two CH3O groups are subtracted from the molecular 
formula, all that remains is CO. Thus, a carbonyl group must connect the two benzene rings. 


CHO JE 909, 
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Remembering General Chemistry: Electronic Structure and Bonding 


Important Terms 


antibonding molecular 


orbital 
atomic number 


atomic orbital 


atomic weight 


aufbau principle 


bond dissociation energy 


bonding molecular orbital 


bond length 
carbanion 
carbocation 
condensed structure 
core electrons 
covalent bond 
degenerate orbitals 
dipole 

dipole moment (м) 
double bond 
electronegative 


electronegativity 
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a molecular orbital that results when two atomic orbitals with opposite phases 
interact. Electrons in an antibonding orbital decrease bond strength. 


a number that tells us how many protons (or electrons) a neutral atom has. 


an orbital associated with an atom; the three-dimensional area around a nucleus 
where electrons are most likely to be found. 


the average mass of the atoms in the naturally occurring element. 


a principle that states that an electron will always go into the available orbital with 
the lowest energy. 


the amount of energy required to break a bond in a way that allows each of the 
atoms to retain one of the bonding electrons, or the amount of energy released 


when a bond is formed. 


a molecular orbital that results when two atomic orbitals with the same phase 
interact. Electrons in a bonding orbital increase bond strength. 


the internuclear distance between two atoms at minimum energy (maximum stability). 
a species containing a negatively charged carbon. 

a species containing a positively charged carbon. 

a structure that does not show some (or all) of the covalent bonds. 
electrons in filled shells. 

a bond created as a result of sharing electrons. 

orbitals that have the same energy. 

a separation of positive and negative charges. 

a measure of the separation of charge in a bond or in a molecule. 
a bond composed of a sigma bond and a pi bond. 

describes an element that readily acquires an electron. 


the tendency of an atom to pull electrons toward itself. 
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electrostatic attraction 


electrostatic potential map 


(potential map) 
equilibrium constant 


excited-state electronic 
configuration 


formal charge 


free radical 
(radical) 


ground-state electronic 
configuration 


Heisenberg uncertainty 
principle 


Hund’s rule 


hybrid orbital 
hydride ion 


hydrogen ion 
(proton) 


ionic bond 

ionic compound 
ionization energy 
isotopes 

Kekulé structure 
Lewis structure 


lone-pair electrons 
(nonbonding electrons) 


an attractive force between opposite charges. 


a map that allows you to see how electrons are distributed in a molecule. 


the ratio of products to reactants at equilibrium. 


the electronic configuration that results when an electron in the ground state has 
been moved to a higher-energy orbital. 


the number of valence electrons — (the number of nonbonding electrons + half the 
number of bonding electrons). 


a species with an unpaired electron. 
a description of which orbitals the electrons of an atom occupy when they are all in 
their lowest available energy orbitals. 


a principle that states that both the precise location and the momentum of an atomic 
particle cannot be simultaneously determined. 


a rule that states that when there are degenerate orbitals, an electron will occupy ап 
empty orbital before it will pair up with another electron. 


an orbital formed by hybridizing (mixing) atomic orbitals. 
a negatively charged hydrogen (a hydrogen atom with an extra electron). 


a positively charged hydrogen (a hydrogen atom without its electron). 


a bond formed as a result of the attraction of opposite charges. 

a compound composed of a positive ion and a negative ion. 

the energy required to remove an electron from an atom. 

atoms with the same number of protons but a different number of neutrons. 
a model that represents the bonds between atoms as lines. 


a model that represents the bonds between atoms as lines or dots and the lone-pair 
electrons as dots. 


valence electrons not used in bonding. 
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mass number 


molecular orbital 


molecular orbital (MO) 
theory 

node 

nonbonding electrons 


nonpolar covalent bond 


octet rule 


orbital 
orbital hybridization 


organic compound 


Pauli exclusion principle 


pi (77) bond 
polar covalent bond 


potential map 


(electrostatic potential map) 


proton 
(hydrogen ion) 


quantum mechanics 


radical (free radical) 
sigma (т) bond 
single bond 


tetrahedral bond angle 
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the number of protons plus the number of neutrons in an atom. 


an orbital associated with a molecule that results from the combination of atomic 
orbitals. 


a theory that describes a model in which the electrons occupy orbitals as they do in 
atoms but the orbitals extend over the entire molecule. 


a region within an orbital where there is zero probability of finding an electron. 
valence electrons not used in bonding. 

а bond formed between two atoms that share the bonding electrons equally. 

a rule that states that an atom will give up, accept, or share electrons in order to 
achieve a filled outer shell (or an outer shell that contains eight electrons) and no 
electrons of higher energy. Because a filled second shell contains eight electrons, 
this is known as the octet rule. 

the volume of space around the nucleus where an electron is most likely to be found. 
mixing of atomic orbitals. 


a compound that contains carbon. 


a principle that states that no more than two electrons can occupy an orbital and 
that the two electrons must have opposite spin. 


a bond formed as a result of side-to-side overlap of p orbitals. 
а bond formed between two atoms that do not share the bonding electrons equally. 


a map that allows you to see how electrons are distributed in a molecule. 
a positively charged hydrogen ion. 

the use of mathematical equations to describe the behavior of electrons in atoms or 
molecules. 

a species with an unpaired electron. 

a bond with a symmetrical distribution of electrons about the internuclear axis. 


a single pair of electrons shared between two atoms. 


the bond angle (109.5?) formed by an sp? hybridized central atom. 
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tetrahedral carbon 


trigonal planar carbon 
triple bond 

valence electron 
valence-shell electron-pair 
repulsion (VSEPR) model 
wave equation 


wave functions 


an sp? hybridized carbon; a carbon that forms covalent bonds using four sp? hybrid 
orbitals. 


an sp? hybridized carbon. 

composed of a sigma bond and two pi bonds. 

an electron in an outermost shell. 

a model for the prediction of molecular geometry based on the minimization of 
electron repulsion between regions of electron density (that is, between bonds and 
nonbonding electrons) around an atom. 


an equation that describes the behavior of each electron in an atom or a molecule. 


a series of solutions to a wave equation. 
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Solutions to Problems 


1. 
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The atomic number = the number of protons. 
The mass number = the number of protons + the number of neutrons. 
All isotopes have the same atomic number; in the case of oxygen it is 8. Therefore: 


The isotope of oxygen with a mass number of 16 has 8 protons and 8 neutrons. 
The isotope of oxygen with a mass number of 17 has 8 protons and 9 neutrons. 
The isotope of oxygen with a mass number of 18 has 8 protons and 10 neutrons. 


(percentage of naturally occurring СІ X atomic mass of ?CI) + (percentage of naturally occurring 
37C] X atomic mass of 37С1) 


(.7577 X 34.969) + (.2423 x 36.966) 
(26.496 + 8.957) = 35.453 


All four atoms have two core electrons (in their filled shell); the valence electrons are in the outer shell. 
Notice that because the four atoms in the question are in the same row of the periodic table, they have the 


same number of core electrons. 
a. 3 b. 5 с. 6 d. 7 


a. Use the aufbau principle (electrons go into available orbitals with the lowest energy) and the Pauli 
exclusion principle (no more than two electrons are in each atomic orbital). The order in which the 
orbitals are filled is: 


15 < 25 < 2p < 3s < 3p < 3d < 4s < Ар < 4d < 55 < 5p 


The question can be answered if you remember that there аге опе s atomic orbital and three degenerate 
p atomic orbitals in each shell. To write the electronic configurations for Br and I, you need to remem- 
ber that there are five degenerate d atomic orbitals in the third and fourth shell. 


Cl 15225 2p® 352 Зр? 
Br 152 252 2р6 352 Зрб 3410457 4p? 
1 15? 252 2р6 352 Зрб 3410457 4р 4419 552 555 
b. They each have seven electrons in their outer shell (two are in an s orbital and five are in p orbitals). 


Thus, they each have seven valence electrons. Notice that because they all are in the same column of 
the periodic table, they all have the same number of valence electrons. 


The atomic numbers can be found in a periodic table. Notice that elements in the same column of the peri- 
odic table have the same number of valence electrons and their valence electrons are in similar orbitals. 


а. carbon (atomic number = 6; 2 соге, 4 valence): 152 252 2p? 
silicon (atomic number = 14; 10 core, 4 valence): 1s? 252 2р6 352 3p? 


b. oxygen (atomic number = 8; 2 соге, 6 valence): 1s? 252 2p* 
sulfur (atomic number = 16; 10 core, 6 valence): 152 2s? 2p6 35? 3p! 


10. 


п. 


12. 


13. 
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c. nitrogen (atomic number = 7; 2 соге, 5 valence): 152 252 2p? 
phosphorus (atomic number — 15; 10 core, 5 valence): 152 25? 2р° 352 3p? 


d. magnesium (atomic number = 12; 10 core, 2 valence): 1s? 252 2р6 3s? 
calcium (atomic number = 20; 18 core, 2 valence): 152 252 2р° 352 Зр® 452 


a. Potassium is in ће first column of the periodic table; therefore, like lithium and sodium that аге also in 
the first column, potassium has one valence electron. 
b. It occupies а 4s orbital. 


The polarity of a bond can be determined by the difference in the electronegativities of the atoms sharing 
the bonding electrons. The greater the difference in electronegativity, the more polar the bond. 


a. Cl— CH, b. H— OH с. H—F d. С1—СН» 


а. KCl has the most polar bond because its two bonded atoms have the greatest differences in electro- 
negativity. The electronegativity differences in the four listed compounds are as follows: 


KC] 3.0 0.8 = 2.2 

LiBr 2.8 — 1.0 = 1.8 
Nal 2.5 — 0.9 = 1.6 
Cb 3.0 - 3.0 =0 


b. Cl, has the least polar bond because the two chlorine atoms share the bonding electrons equally. 


Solved in the text. 


To answer this question, compare the electronegativities of the two atoms sharing the bonding electrons 
using Table 3. 


ô- ô+ ô- ӧ+ ô+ ô- бд+ ô- 
a. HO—H b. F—Br с. НС МН, а. H3;C—Cl 

ó- 6+ 6- 6+ ӧ+ ô- 5+ 5 
е HO—Br f. H3C—Li g 1—8 h. Н›М—ОН 


(Notice that if the atoms being compared are in the same row of the periodic table, the atom farther to the 
right is the more electronegative; if the atoms being compared are in the same column, the one closer to the 
top of the column is the more electronegative.) 


Solved in the text. 


The dipole moment is the magnitude of the charge times the distance between the charges. Because fluorine 
is more electronegative than Cl, the charge on Н and Е in НЕ is larger than the charge on Н and Cl in НСІ. 
The larger charge on F compared to the charge on Cl is more than enough to make up for the fact that 
H —F is a shorter bond than H — CI. 


a. LiH and HF are polar (they have a red end and a blue end). 

b. A potential map marks the edges of the molecule's electron cloud. The electron cloud is largest around 
the H in LiH, because that H has more electrons around it than the Hs in the other molecules. 

c. Because the hydrogen of HF is blue, we know that this compound has the most positively charged 
hydrogen and, therefore, it will be most apt to attract a negatively charged species. 
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By answering this question you will see that a formal charge is a book-keeping device. It does not 
necessarily tell you which atom has the greatest electron density or is the most electron deficient. 
а. oxygen b. oxygen (it is the more red) 


с. oxygen d. hydrogen (it is the deepest blue) 


Notice that in hydroxide ion, the atom with the formal negative charge is the atom with the greater electron 
density. In the hydronium ion, however, the atom with the formal positive charge is not the most electron- 
deficient atom. 


formal charge = number of valence electrons 
— (number of lone-pair electrons + half the number of bonding electrons) 


In all four structures, every Н is singly bonded and thus has a formal charge = 1 — (0 + 1) = 0. 
Similarly, all CH; carbon atoms have four bonds and a formal charge = 4 — (0 + 4) = 0. 
The formal charges on the remaining atoms follow: 


СН» H H 
ыы = le | l- 
а. E E b. a c. CH3— | — CH; d. оен 
H H CH; н H 
formal charge on O formal charge on C formal charge on N formal charge on 
o (2+3) = +1 4 — (2+3) = –1 5— (0+4) = +1 №5 — (0+ 4) = +1 


В:3 — (0+ 4) = -1 


The bond between two atoms сап be shown by а pair of dots or by a line, so there аге two ways each of the 
answers can be written. 


0: HH HH; Ө: 
а. ANGT с ВСС: е. — H:C:N:H g. =6:С:0:Н 
0:0 НЯ HB 0:С:0 
ог ог ог ог 
| | | | 
_ | = 
AE А H—C—N-—H 0—C—0—H 
+ 
H H H H 
H б: 
oo t+ oe oe + Tee DH 
b. :0:3:0: d. Н:С:С:Н f. Na* :О:Н h. | H:C:H 
HH 
or or or or 
H б: 
т ЭИС [+ =., | 
:о=/=0: H—C—C—H Nat :O—H H—C—H 
| | 
H H 
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H:C:C:0:H and H:C:0:C:H 
HH H H 
or 
H H H H 


ШИШ | ge 
x m m and a юн 
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H H H H 
H:C:C:C:O:H and H:C:C:O:C:H and H:C:C:C:H 
HHH HH H H:0:H 
H 
or 
LII [E E тт 
T | | | 
H—C—C—C—O—H and H—C-—C—0O—C-—H and ule м № 
MEME [| | 
н H H H H H H :0: H 
| 
H 


Because the compounds are neutral, a halogen will have three lone pairs, an oxygen will have two, a 
nitrogen will have one, and carbon or a hydrogen will have no lone pairs. 


a. 


b. 


CH4CH;NH5 c. CH3CH,OH e. 

CH3NHCH3 d. CH;0CH; É 
| 

CH3CH;CH;CI b. CH&3COCH;CH, е. 


the (green) chlorine atom c. 


the (red) oxygen atoms 


H H 
TR. (It d 
но n—c-n 
h 


СНЗСНоСЕ: 
HONH; 


О 
|| 


CH4CH;CNCH5CH; 


СН» 


d. CH;CH,C=N 


the (blue) nitrogen atoms 


the (black) carbon atoms and (gray) hydrogen atoms 


Н H—C—H 
н 
Н 
Н еен H H H :О: 
еее ен 
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Нез has three electrons. Using Figure 4, two electrons would be in a bonding molecular orbital and one 
electron would be in an antibonding molecular orbital. Because there are more electrons in the bonding 
molecular orbital than in the antibonding molecular orbital, He5 exists. 


a. п“ This involves out-of-phase overlap of atomic orbitals (the overlapping orbitals have different col- 


ors), leading to an antibonding molecular orbital. Because this example involves the side-to-side 
overlap of p orbitals, this results in a 7* antibonding molecular orbital. 

This involves in-phase overlap of atomic orbitals (the overlapping orbitals have the same color), 
leading to a bonding molecular orbital. Because this example involves the side-to-side overlap of 
p orbitals, this results in a 7r bonding molecular orbital. 

This involves out-of-phase overlap of atomic orbitals (the overlapping orbitals have different col- 
ors), leading to an antibonding molecular orbital. Because this example involves the end-on over- 
lap of atomic orbitals, this results in a о* antibonding molecular orbital. 

This involves in-phase overlap of atomic orbitals (the overlapping orbitals have the same color), 
leading to a bonding molecular orbital. Because this example involves the end-on overlap of 
atomic orbitals, this results in a о bonding molecular orbital. 


The carbon-carbon bonds form as а result of sp? —sp? overlap. 
The carbon-hydrogen bonds form as a result of sp?—s overlap. 


The electron density of the large lobe of an sp? orbital is greater than the electron density of a lobe of a p 
orbital. Therefore, the overlap of an s orbital with an sp? orbital forms a stronger bond than the overlap of 
an s orbital with a p orbital. 


Solved in the text. 


a. Ones orbital and three p orbitals form four sp? orbitals. 
b. One s orbital and two p orbitals form three sp? orbitals. 
c. Опе s orbital and one p orbital form two sp orbitals. 


a(1). 
b(1). 


a(2). 


b(2). 


Solved in the text. 
Solved in the text. 


The carbon forms four bonds, and each chlorine forms one bond. 


ү. 
сё 
СЕ 
The carbon uses sp? orbitals to form the bonds with the chlorine atoms, so the bond angles are all 
109.5°. 
Ck 
| 109.5° 
РАНО 


:Cl: 
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a(3). The first attempt at drawing a Lewis structure shown below shows that carbon does not have a 
complete octet and does not form the needed number of bonds. 
i i 
E до 


H 


Using one of oxygen's lone pairs to put a double bond between the carbon and oxygen solves both 
problems. 


H 
b(3) Тһе sp? hybridized CH; carbon has 109.5? bond angles and the sp” hybridized CH — O carbon has 
120° bond angles. 
| 
H 120° 
с) 
H, А со ~ OH 


шш 
н 


a(4). In order to fill their octets and form the required number of bonds, carbon and nitrogen must form 
a triple bond. 


H—C=N: 


b(4). Because the carbon is sp hybridized, the bond angle is 180°. 
180° 


KON 
H—C=N: 


а. 120° b. 120° 
c. Because the carbon is sp? hybridized and it has a lone pair, you can predict that the bond angle is 
similar to that in NH; (107.3^). 


The nitrogen atom has the greatest electron density. 
The hydrogens are the bluest atoms. Therefore, they have the least electron density. In other words, they 
have the most positive (least negative) electrostatic potential. 


Water is the most polar—it has a deep red area and the most intense blue area. 
Methane is the least polar—it is all nearly the same color (green) with no red or blue areas. 


Solved in the text. 


Electrons in atomic orbitals farther from the nucleus form longer bonds; they also form weaker bonds due 
to less electron density in the region of orbital overlap. Therefore: 


a. relative lengths of the bonds in the halogens are: Br; > Cl, 
relative strengths of the bonds are: Cl; > Br; 


b. relative lengths: СН; — Br > CH4—CI > СЊ—Е 
relative strengths: СН; — Е > CH,;—Cl > СН.— Br 
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longer: L. СТ 2. C=C 3. H—Cl 
stronger: 1. ССІ 2. C—C 3. H—F 


CCl, 

The carbon in ССІ, is bonded to four atoms, so it uses four sp? orbitals. 

Each carbon-chlorine bond is formed by the overlap of an sp? orbital of carbon with an sp? orbital of 
chlorine. Because the four sp? orbitals of carbon orient themselves to get as far away from each other 
as possible, the bond angles are all 109.5°. 


CI 


с... 
а“ \ С1 


Cl 
bond angles = 109.5° 
СО, 


The carbon in СО) is bonded to two atoms, so it uses two sp orbitals. Each carbon-oxygen bond is а 
double bond. One of the bonds of each double bond is formed by the overlap of an sp orbital of carbon 
with an sp? orbital of oxygen. The second bond of the double bond is formed as a result of side-to-side 
overlap of a p orbital of carbon with a p orbital of oxygen. Because carbon’s two sp orbitals orient 
themselves to get as far away from each other as possible, the bond angle in СО» is 180°. 


O—C-—O 
bond angle — 180? 


HCOOH 

The double-bonded carbon and the double-bonded oxygen in HCOOH each uses sp? orbitals; thus, the 
bonds around the double-bonded carbon are all 120°. The single-bonded oxygen forms bonds using sp? 
orbitals, whereas each hydrogen uses an s orbital. The predicted C — О — H bond angle is based on an 
sp? oxygen that has a reduced bond angle due to the two lone pairs. The bond angle is predicted to be 
similar to that in H5O (104.5?). 


the ø bond is formed by sp^—sp? overlap 
the z bond is formed by p—p overlap 


sp?—s overlap ти 
104.5°; all other bond angles are 120° 
ae | 
( мы. sp*—s overlap 


sp’—sp overlap 


№ 

The triple bond consists of one с bond and two т bonds. Each nitrogen has two sp orbitals; опе is used 
to form the o bond, and the other contains the lone pair. Each nitrogen has two p orbitals that are used 
to form the two т bonds. A bond angle is the angle formed by three atoms. Therefore, there are no 
bond angles in this two-atom containing compound. 


{М =М: the о bond is formed by sp—sp overlap 
each л bond is formed by p—p overlap 


ВЕ; 
Promotion gives boron three unpaired electrons, and hybridization gives it three sp” orbitals. 


Is 25 2p, 


2p, ls 2s 2р, 2р, ls 2sp? 2sp? 2sp* 
„Ру рготойоп з = Рх Ру hybridization | | | | 


| о] ОЕ | 
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Each sp? orbital of boron overlaps an sp? orbital of fluorine. The three sp? orbitals orient themselves to 
get as far away from each other as possible, resulting in bond angles of 120°. 


bond angles = 120° 


Solved in the text. 

We know that the o bond is stronger than the т bond, because the о’ bond in ethane has a bond dissociation 
energy of 90.2 kcal/mol, whereas the bond dissociation energy of the double bond (o + т) in ethene is 
174.5 kcal/mol, which is less than twice as strong. 

Because the o bond is stronger, we know that it has more effective orbital-orbital overlap. 

Because electrons in an s orbital are closer on average to the nucleus than those in a p orbital, the greater 
the s character in the interacting orbitals, the stronger (and shorter) will be the bond. Therefore, the carbon- 


carbon с bond formed by sp’—sp’ overlap is stronger (and shorter), because an sp? orbital has 33.3% s 
character, whereas an sp? orbital has 25% s character. 


5р 5р 


/ 


a. 'CH4CHCH = CHCH,C = ССН; 


2 5 Е 2 Н 
l Г, АА sp? е d í 


c. the nitrogen and chlorine atoms 
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The bond angle depends on the central atom. 


a. 5р nitrogen with no lone pair: 109.5? c. sp? carbon with no lone pair: 109.5? 
b. р? nitrogen with a lone pair: 107.3° d. sp’ carbon with no lone pair: 109.5? 


The one with the greater electronegativity will decrease the electron flow toward the F, giving the com- 
pound a smaller dipole moment. Since CHF has a smaller dipole moment than CD3F, we know that hy- 
drogen is more electronegative than deuterium. 


The electrostatic potential map of ammonia is not symmetrical in the distribution of the charge—the ni- 
trogen is more electron rich and therefore more red than the three hydrogens. Therefore, its shape, which 
indicates charge distribution, is not symmetrical. 


The electrostatic potential map of the ammonium ion is symmetrical in the distribution of the charge, so its 
shape is symmetrical. Its symmetry results from the fact that nitrogen forms a bond with each of the four 
hydrogens and the four bonds point to the corners of a regular tetrahedron. The nitrogen in the ammonium 
ion has significantly lower electron density than the nitrogen in ammonia since the lone pair has formed a 
bond to hydrogen. 


a, e, g, and h have a dipole moment of zero because they are symmetrical molecules. 


H H H H F 
| | КОШ | 
коты =н о У Cl—Be— Cl г 
H H 
"А "E = || 
а. H:0:C:0:H or H—0—C—0—H с. H:CH or H—C—H 
г. О: 
и" Е zw. ll ы "t " " 
b. :О:С:О: or :0– С—0: d. O:C:O or O=C=O 
a. CHCH; b. CHF 


If the central atom is sp? hybridized, the bond angle will depend on the number of lone pairs it has: 
none = 109.5?; one = 107.3°; two = 104.5? 


a. sp’, 107.3? e. sp’, 109.5? i. sp’, 107.3° 

b. sp?, 120° f. sp’, 120° j sp, 120° 

с. sp’, 107.3? g. sp, 180° 

d. sp’, 120° h. sp?, 109.5? 

а. CH4CH,CH, b. CH;CH=CH, с. CH;C=CCH; or CH4CH;C—CH 


The hybridization of the central atom determines the bond angle. If the hybridization is ѕр?, the number of 
lone pairs on the central atom determines the bond angle. 


a. 109.5? b. 104.5°* c. 107.3? d. 107.3? 


*104.5? is the correct prediction based on the bond angle in water. 
However, the bond angle is actually somewhat larger (108.2?) because the bond opens ир to minimize the 
interaction between the electron cloud of the relatively bulky СН; group. 
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15 2s 2p, 2py 2p, 3s Зр, 3p, 3p; 


м HN NN M A 


có fh НОУ M d 
ANO S Yd NS Won 
ме fh d d Pd 

H 
Н. re 
H:C:N:H or H—C—N—H с. 
HH | 

H H 
H-O-N=G а. 
sp ( ( 


152 252 2p6 352 
152 252 2р® 3s? 3p° 
152 252 2рб 352 Зрб 


152 252 2р® 


H:N:N:H or H—N—N—H 
HH | 
H H 


H:N:O: or | H—N—O: 
Н | 
H 


C—F > C—O =  C—N 
Ca = Ch > Е 
H—O >  H—N > нс 
C—N >  C—H > C—C 

| T | H | T 
аа b ees с че саен 

H H H 

2 3 2 

Sp Sp Sp 
CH;CH — CH; c. CH3CH;0H e. CH;CH=NCH; 

А Sp sp? 

О esp | 

CH;CCH3 d. CH;C=N f. CH3OCH;CHs 
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а. 120° b. 109.5° с. 180° d. 109.5? 
—= - -— 
а. Н;С—Вг с. НО— МН» e. H4C—OH 
—- + a+ 
не d. I—Br f. (СНз), N—H 
formal charge = number of valence electrons 


— (number of lone-pair electrons + half the number of bonding electrons) 


In all four compounds, H has a single bond and is neutral and each C has four bonds and is neutral. Thus, 
the indicated formal charge is for O or N. 


H H H H 
a. T b. а с. eis d. ТЕ ЕТЕТ 
н нон н нон 
formal charge formal charge formal charge formal charge 
6–(4+2)=0 6-(2+3)=+41 6–(6+1)=—1 5- (2+3) =0 


The open arrow in the structures points to the shorter of the two indicated bonds in each compound. 


sp? sp? sp? 
1. CH;CH=CHC=CH 3. CH3NHCH»CH2N = CHCH; 


"и AP sp? sp? sp? sp? sp? sp? sp? 
2 
О sP 
===> || sp? "S sp 
2. CH3CCH;0H 4. C—CHC--C--H 
sp) J sp? H sp^ sp SP 
sp? 
sp? 
CH; 
HY sp sp | | 
5. dr d = у“ 6. Вг—СЊСЊСЊ-— Cl 
0 
sp^ sp 3 sp3 sp3 
H CH; Sp? sp? sp 
oo 

For 1, 2, and 3: A triple bond is shorter than a double bond, which is shorter than a single bond. 

For 4 and 5: The greater the s character in the hybrid orbital, the shorter is the bond formed using 
that orbital, because an s orbital is closer than a p orbital to the nucleus. Therefore, 
the bond formed by a hydrogen and an sp carbon is shorter than the bond formed by 
a hydrogen and an sp? carbon, which is shorter than the bond formed by a hydrogen 
and an sp? carbon. 

For 6: Cl forms a bond using a 3sp? orbital and Br forms a bond using а 45р? orbital. There- 


fore, the C— Cl bond is shorter. 
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a. H c H H H 
sp | | | 
ше T H—C—C—C—H 
| у! | | | 
C н H H 
sp? | 3 Ее 
а The three carbons are all sp” hybridized. 
Н 7g All the bond angles are 109.5°. 
109.5? 
| sp? "e Pa 
109.5? 
" с m d. С=с H 
ни / ГА X / 
H С=С )120° H C=C 
/ \ / X / 
H А H H H 
sp The four carbons are all sp? hybridized. 
All the bond angles are 120°. 
T H H 
| | 
itt 13 LI d Lodo 
62. a. H | T T Hb. H T T " C=N ce H—C | T T | T 
H | н H :0: H H HH—C—HHH-—C—HH 
| | | 
H H H H 
id С Cl С Cl С Cl e Cl 
нс н? о ное ре 
Hey g Hey CH M » pow: 
H H H H 
1 2 3 4 
highest dipole lowest dipole 
moment moment 
64. H,C—CH 
udi о. 
| 
eS EB СН; 
M sp? 
65. H H H 
pe | - x + 
= m BER. н—б—н CH =ťH CH=CH Oh COH 
н н н 
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In an alkene, six atoms are in the same plane: the two sp? carbons and the two atoms that are bonded to 
each of the two sp? carbons. The other atoms in the molecule will not be in the same plane with these six 
atoms. 


no 


"c 


H3 
о EF 
кә = A 


If you put stars next to the six atoms that lie in a plane in each molecule, you will be able to see more 
clearly whether the indicated atoms lie in the same plane. 


CH; 


a. If the central atom is sp? hybridized and it does not have а lone pair, the molecule will have tetrahe- 
dral bond angles (109.5°). Therefore, only "NH, has tetrahedral bond angles. The following species 
are close to being perfectly tetrahedral: ЊО, НзО*, NH, CH3. However, they all have bond angles 
slightly smaller than 109.5*. 


b. *CH; and ВЕ; 

CH3CH;CI has the longer С — СІ bond because it is formed by the overlap of an sp? orbital of Cl with an 
sp? orbital of C, whereas the C — Cl bond in CH; == СНСІ is formed by the overlap of an sp? orbital of Cl 
with an sp? orbital of C. (The more the s character, the shorter and stronger the bond.) 


СНС has the larger dipole moment because the three chlorines are withdrawing electrons in the same gen- 
eral direction, whereas in CH;Cl, two chlorines are withdrawing electrons in the same general direction. 


The dipole moment is 2.95 D because the two Cls are withdrawing electrons in the same general direction, 
so their electron withdrawing effect is additive. 


N 
CI ха 


The dipole moment is 0 D because the two Cls are withdrawing electrons in opposite directions, so the 
electron withdrawing effect of one cancels the electron withdrawing effect of the other. 
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The bond angles at the triple-bonded carbons, when the bonding orbitals overlap maximally, are 180°. A 
180° angle cannot fit into the ring structure. Therefore, the overlap between the sp orbital and the adjacent 
sp? orbital becomes distorted from the ideal end-on overlap. This poor overlap causes the compound to be 
unstable. 


|| 1809 


The dipole moment depends on the size of the charge and the distance between the bonded electrons. The 
longer С— Cl bond more than makes up for the greater charge on fluorine. 


H 
a n 
a We PME с N=N=N 
H 
i :О: 
Il, 
b. :N=N: d. ce ae 
H H 
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Practice Test 


Answer the following: 


Which bond has a greater dipole moment, a carbon-oxygen bond or a carbon-fluorine bond? 


b. If He} has three electrons in its molecular orbitals, how many electrons аге in an antibonding molecu- 
lar orbital? 


о 


Which is the longer bond, a carbon-hydrogen bond in ethene ог а carbon-hydrogen bond in ethane? 
d. Which is larger, the bond angle in water or the bond angle in ammonia? 


e. Which is stronger, a sigma bond or a pi bond? 
What is the hybridization of the carbon atom in each of the following compounds? 


+CH; СН; * СН» 


Draw the Lewis structure for НСО; . 
Circle the compounds below that have a dipole moment = 0. 
CH,Cl, СН»СН» CH4CI ЊС=0 CCl 
Which compound has greater bond angles, Н3О* ог *NH4? 
Draw the structure for each of the following: 


a. methyl carbocation 
b. ahydride ion 


a bromine radical 


о 


d. analkane with only primary carbons 


Draw the structure of a compound that contains five carbons, two of which are sp? hybridized and three of 
which аге sp? hybridized. 


What is the hybridization of each of the indicated atoms? 


Г (Г 


CH3CH,C=N SE SUN CH3CCH3 
СН; 


а. What orbitals do carbon’s electrons occupy before promotion? 


b. What orbitals do carbon’s electrons occupy after promotion and before hybridization? 
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Answer the following: 


а. What is the H—C—O bond angle in CHOH? 
b. What is the Н — Be —H bond angle in BeH,? 
What is the H — В — H bond angle in BH3? 

d. What is the C — O—H bond angle in CHOH? 


о 


For each of the following compounds, indicate the hybridization of the atom to which the arrow is pointing. 


| 
HCOH НС=М CHOCH; СН.СН=СН, 


Indicate whether each of the following statements is true or false. 
a. A pi bond is stronger than a sigma bond. 
b. А triple bond is shorter than a double bond. 


c. The oxygen-hydrogen bonds in water are formed by the overlap 
of an sp? orbital of oxygen with an s orbital of hydrogen. 


d. A double bond is stronger than a single bond. 


e. А tetrahedral carbon has bond angles of 107.5*. 
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Answers to Practice Test 


а. acarbon-fluorine bond с. acarbon-hydrogen bond in ethane e. asigma bond 
b. one d. the bond angle in ammonia 
:0 
*CH, ^CH, ‘СН, 3. НОСОТ 
2 3 2 


CH5CLb CHCI  H5C—O 5. "NH, 


a. *CH, b. H: c. :Вг: d. CH;CH, 


CH,CH;CH;CH— CH; or CH,CH,CH=CHCH; or сыын =CH, 


СН» 
5р „5р 5р2„5р?. Де a sp „8р2 
et NE ( ( 
CH3CH2C=N шп = МСН; CH3CCH4 O=C=O 
CH; 5р? 
a. 15425 2p2p, b. 1s?2s2p,2p, 2p, 
a. 109.5? b. 180* c. 120° d. 104.5? 
| 
НСОН НС=М CHOCH,  CH;CH—CH5 
sp? 5 sp? sp? 
a. А pi bond is stronger than a sigma bond. Е 
b. A triple bond is shorter than a double bond. T 


c. The oxygen-hydrogen bonds in water are formed by the 

overlap of an sp? orbital of oxygen with an s orbital of hydrogen. 
d. A double bond is stronger than a single bond. 
e. А tetrahedral carbon has bond angles of 107.5°. 
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Acids and Bases: Central to Understanding Organic Chemistry 


Important Terms 


acid (Brgnsted acid) 


acid-base reaction 


acid dissociation constant 


acidity 

base (Brgnsted base) 
basicity 

Brensted acid 
Brénsted base 
buffer solution 
conjugate acid 
conjugate base 


delocalized electrons 


equilibrium constant 


Henderson-Hasselbalch 
equation 


inductive electron 
withdrawal 


Lewis acid 
Lewis base 
pH 
pK, 


proton 
proton transfer reaction 
resonance 


resonance contributors 


resonance hybrid 
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a species that donates a proton. 

a reaction in which an acid donates a proton to a base. 
a measure of the degree to which an acid dissociates. 

a measure of how easily a compound gives up a proton. 
a species that accepts a proton. 

a measure of the tendency of a compound to share its electrons with a proton. 
a species that donates a proton. 

a species that accepts a proton. 

solution of a weak acid and its conjugate base. 

the species formed when a base accepts a proton. 

the species formed when an acid loses a proton. 


electrons that are shared by three or more atoms (that is, do not belong to a single 
atom nor are they shared in a bond between two atoms). 


the ratio of products to reactants at equilibrium. 


pK, = pH + log[HA]/[A ] 
the pull of electrons through sigma bonds by an atom or by a group of atoms. 


a species that accepts an electron pair. 
a species that donates an electron pair. 
the pH scale used to describe the acidity of a solution (pH = —log [H* |). 


a measure of the tendency of a compound to lose a proton (pK, — —log K,, where 
K, is the acid dissociation constant). 


a positively charged hydrogen ion. 
а reaction in which a proton is transferred from an acid to а base. 
having delocalized electrons. 


structures with localized electrons that together approximate the true structure of a 
compound with delocalized electrons. 


the actual structure of a compound with delocalized electrons. 
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Solutions to Problems 


10. 


CO, and CCl, are not acids because neither has a proton that it can lose. 

а. HCl + NH; === CL + *NH, 

b HO + -МН, == HOt + NH; 

The conjugate acid is obtained by adding an H to the species. 

a. (D “NH, (2) HCl (3) НО (4) ЊО“ 

The conjugate base is obtained by removing an H* from the species. 

b (D NH, (2) Br (3) NO; (4 HO 

a. The lower the pK, the stronger the acid, so the compound with pK, = 5.2 is the stronger acid. 

b. The greater the dissociation constant, the stronger the acid, so the compound with a dissociation 


constant = 3.4 X 1073 is the stronger acid. 


Because we know that К, = Ка [ H20 | 


K, 4.53 x 10°° 
K, = =—= 


= 8.16 x 10$ 
3 [но] 55.5 


Its К, value is 1.51 X 107, It is a weaker acid than vitamin C whose К, value was determined to be 
6.8 X 107 in the Problem-Solving Strategy. 


a. HO + Ht c но 
НСО; + H == H,CO3 = H50 SE CO, 
СО + 2H* — ЊСО == HO + CO, 


If the pH is <7, the body fluid is acidic; if the pH is >7, the body fluid is basic. 


a. basic b. acidic с. basic 


Remember that a proton will be picked up by an atom that has one or more lone pairs. Notice that two 
oxygens have lone pairs in part e. 
j j 


+ С + С 
a. CH,CH;OH, b. CH,CH,OH c CH;~ “он а. CH,CH,NH, е. CHCH, “Оон 
In each of the following reactions, the position of equilibrium is established by analyzing the relative 


strengths of the acids on either side of the reaction—the equilibrium favors reaction of the stronger acid to 
form the weaker acid. (Note that HCl is a stronger acid than H3O*.) 
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If the lone pairs are not shown: 


x 
a. СЊОН азапасд: CH4OH + NH; -—-  CH40. + NH, 


+ 
СНЗОН аз а Базе: | CH40H + HCl == + Cl 


H 
b. МН; аз an acid: МН. + CHO -— NH, + CH40H 
+ 
МН. as a base: МН. + НВг — NH, + Br 


If the lone pairs are shown: 


a. СНЗОН аз ап асі: CH;0H + NH, ~~ CH7 + NH, 


+ 


СНЗОН аза ђазе: СНзОН + не: == сын + ËT 


H 
b. NH; as ап acid: NH, + СӨ: — ÑH, + СН.ОН 
T i + TW 
NH; as a base: NH, + HBr: —^ NH, + Вг: 
a. ~40 b. ~15 ©. 95 4. ~10 


а. СЊСОО 1$ the stronger base. 
Because СН.СООН is the weaker acid, it has the stronger conjugate base. 


b. МН, is the stronger base. 
Because NH; is the weaker acid, it has the stronger conjugate base. 


c. H,O is the stronger base. 
Because H4O* is the weaker acid, it has the stronger conjugate base. 


The conjugate acids of the given bases have the following relative strengths: 
O 
| 
+ pom * 
CHOH) > CH, OH > CH;NH; > CHOH > CH4NH; 


The bases, therefore, have the following relative strengths, since the weakest acid has the strongest 
conjugate base. 


=O 


| 
Re „С 
СЊАН > CHO > СЊМЊ > CH; O- > СИОН 


Methanol is the acid because it has a pK, value of ~ 15, whereas methylamine is a much weaker acid with a 
pK, value of about 40. 
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15. Notice that in each case, the equilibrium favors reaction of the stronger acid to form the weaker acid. 
а CH;0H + НО == CHO + H,O 
pK, =15.5 pK, =15.7 


+ 
CHOH + HOt = CHOH, +  H50 


pK, =-17 pK, =-2.5 
O 
| | 
A А 
CH; ОН + HO — CH; © + HO 
pKa = 4.8 pK, = 15.7 
+ 
| |" 
С + HO == С + HO 
/\ a 
CH; OH CH; OH 
pK, =-1.7 pK, =-6.1 
СН;МН + HO = CH;NH + њо 
pK, = 40 pK, =15.7 
+ 
CH;NH, + HOt — CH3NH3; + HO 
pK, = -1.7 pK, =10.7 
b HC] + Но — 4H,0 + СГ 
pK, =-7 pK, =-1.7 
NH; + H,O — МН + HO 
pK, =15.7 pK, = 9.4 
16. Because a strong acid is more likely to lose a proton than a weak acid, the equilibrium will favor loss of a 


proton from the strong acid and formation of the weak acid. 


a. HC=CH + HO” ——— HC=c”~ + НО 


pK, = 25 pK, = 15.7 
b. HC=CH + NH; -———- HC=C + NH; 
pK, = 25 pK, = 36 


с. МН, would be a better base because when it removes a proton, the equilibrium favors the products. 
When HO removes a proton, the equilibrium favors the reactants. 


17. Each of the following bases will remove a proton from acetic acid in a reaction that favors products, 
because each of these bases will form an acid that is a weaker acid than acetic acid. 


НО”  CH,NH, НС=с- 


The other three choices will form an acid that is a stronger acid than acetic acid. 
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19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 
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pK. = pK, (reactant acid) — pK, (product acid) 

For a the reactant acid is НСІ and the product acid is H4O*. 

For b the reactant acid is CH4COOH and the product acid is НО”. 
For c the reactant acid is H5O and the product acid is CHNH;. 
For d the reactant acid is CH,NH, and the product acid is НзО*. 


а. рК = =7 = (= 47) = -5.3 с. рк. = 15.7 — (10.7) = 5.0 
Keg = 2.0 X 10° Keg = 1.0 X 10 

b. рк. = 48 — (1.7) = 65 d. pK4 = 107 — (-17) = 124 
Ка = 32 X 107 Ка = 40 х 10? 


Recall that the weakest acid has the strongest conjugate base. 
"сна > "NH, > HO > F 

Again, recall that the weakest acid has the strongest conjugate base. 
CH,CH, > HC=CH > нс=<- 


The protonated ketone is the stronger acid because its hydrogen is attached to an sp? oxygen, which is 
more electronegative than the sp? oxygen to which the hydrogen in the protonated alcohol is attached. 


a. А HC=CH + СЊСЊ === HC=C” + CH,CH; 
В HC=CH, + HC=C — HC=CH + HC=CH 
С CHCH; + H,C=CH === CH;CH, + H,C=CH, 


b. Only A, because only A has a reactant that is a stronger acid than the acid that is formed in the product. 


The smaller the ion, the stronger it is as a base. 
F > Cl > Br > Г 


a. oxygen b. HS c. CH;SH 


The size of an atom is more important than its electronegativity in determining stability. Therefore, even 
though oxygen is more electronegative than sulfur, H5S is a stronger acid than H5O and CH;SH is a stron- 
ger acid than CH3OH. 


Because the sulfur atom is larger, the electrons in its conjugate base are spread out over a greater volume, 
which stabilizes it. The more stable the base, the stronger its conjugate acid. 


The stronger acid will have its proton attached to the more electronegative atom (if the atoms are about 
the same size) or to the larger atom (if the atoms are not the same size). 


T 
a. HBr b. CH3;CH,CH,OH, с. CH4CH;CH90H d. CH4CH;CH;SH 
Remember that the stronger the acid, the weaker (or more stable) its conjugate base, 


a. Because Hl is the strongest acid, Г is the most stable (weakest) base. 
b. Because HF is the weakest acid, F is the least stable (strongest) base. 


27. 


28. 


29. 


30. 


31. 
32. 


33. 
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Compare the acid strengths of the conjugate acids, recalling that a weaker acid has a stronger conjugate base. 
а. HO because НО is a weaker acid than ЊО“. 

b. NH; because "NH, is a weaker acid than ЊО“. 

c. СНО because СНОН is a weaker acid than CH;COOH. 

d. CH3O because СНЗОН is a weaker acid than CH3SH. 


a. CH;0CH,CH,OH because its conjugate base has its negative charge stabilized by electron 
+ withdrawal Бу the СН»О group. 
b. CH3CH,CH,OH, because oxygen is more electronegative than nitrogen. 
c. CH;CH;OCH;CH;OH because the electron-withdrawing oxygen is closer to the OH group. 
О 
а. E because the electron-withdrawing C—O is closer to the OH group. 


CH;CHCH,OH > CH4CHCH;0H > пон > CH4CH;CH;OH 


| | 
F Cl Cl 


The first two listed compounds are the most acidic because they have the electron-withdrawing substitu- 
ent that stabilizes the conjugate base closest to the О — Н bond. The first is more acidic than the second 
because fluorine is more electronegative than chlorine. 

The second listed compound is a stronger acid than the third listed compound because the chlorine in the 
third compound is farther away from the O— Н bond. 

The compound on the far right does not have a substituent that withdraws electrons inductively, so it is the 
least acidic of the four compounds. 


The weaker acid has a stronger conjugate base. 


О О О О 
|| || | || 


а. ка Ь. pe c. CH34CH;CO^ d. CH4CCH;CH;O^ 
Br Cl 


Solved in the text. 


a. Because the atom (P) to which each of the OH groups is attached is also attached to two electronegative oxygens. 


b. The middle OH group is the weakest of the remaining acidic groups. It is an alcohol (pK, ~ 15) 
and the atom (C) to which it is attached is not attached to any strongly electronegative atoms. (The 
protonated amino group has a pK, value of ~ 10.) 


When a sulfonic acid loses a proton, the electrons left behind are shared by three oxygens. In contrast, 
when a carboxylic acid loses a proton, the electrons left behind are shared by only two oxygens. The sulfo- 
nate ion, therefore, is more stable than the carboxylate ion. 


a sulfonate ion 


| a 
сњс—б: -—- CH;C=6: 


а carboxylate ion 
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The more stable the base, the stronger is its conjugate acid. Thus, the sulfonic acid is a stronger acid than 
the carboxylic acid. 


:0: :0: 
AM UM 
а. _ = — NN 2 se 
D^ nö :07 30: o^ ^0 
| m К. 
b. Е PEERS UN Бисте Ро = 


10 OF :б О: :0 


Remember, the smaller the pK,, the stronger the acid. 
+ 

а. CH4C-NH 

b. CH3CH; 


O 


| 
c. Е;ССОН 


an sp? oxygen 
E 
C H 
CH;~ “сн, CHOCH; 


pKa= -7.3 pKa = -3.6 


+ + + 

e. CH;C=NH > бо HOH > CH3CH2NH3 
СН» 
рК.=-10.1 рКа= 5.5 рК.= 11.0 
If the solution is more acidic than the compound’s pK, value, the compound will be in its acidic form (with 
its proton). 
If the solution is more basic than the compound’s pK, value, the compound will be in its basic form (with- 
out its proton). 
+ 
a. СНСОО с. HO e NH, g. МО; 
+ 

b CH3CH,NH, d. Br Ё HC-N №. NO; 


pH 10.4 
(As long as the pH is greater than the pK, value of the compound, at least 50% of the compound will be in 
its basic form.) 


a. 1. neutral b. 1. charged c. 1. neutral 
2. neutral 2. charged 2. neutral 
3. charged 3. charged 3. neutral 
4. charged 4. charged 4. neutral 
5. charged 5. neutral 5. neutral 
6. charged 6. neutral 6. neutral 


39. 


40. 


41. 
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The *NH; group withdraws electrons, which increases the acidity of the COOH group. 


Both the COOH group and the "МН; group will be in their acidic forms, because the solution is more 
acidic than both of their pK, values. 
| 


CH,CH~ “он 


(= 


*NH; 


The COOH group will be in its basic form because the solution is more basic than its pK, value. 
The *NH; group will be in its acidic form because the solution is more acidic than its pK, value. 


| 
С 
CH,CH~ `О- 


| 
+МН; 


Both the COOH group and ће *NH; group will be in their basic forms because the solution is more 
basic than both of their pK, values. 


О 
|| 


‚а n 


No, alanine can never be without a charge. To be without a charge would require a group with a pK, 
value of 9.69 to lose a proton before a group with a pK, value of 2.34. This clearly cannot happen. A 
weak acid cannot have a stronger tendency to lose a proton than a stronger acid has. 


As the pH becomes more basic than 2.34, the COOH group will become more negatively charged. 
As the pH becomes more acidic than 9.69, the *NH; group will become more positively charged. 


Therefore, the amount of negative change will be the same as the amount of positive charge at the pH 
that is equidistant from the two pK, values. 


2.34 + 9.69 
2 


— 6.02 


10.4 (two log units more basic than the pK;) 
2.7 (one log unit more acidic than the рК.) 
6.4 (two log units more acidic than the pK;) 
7.3 (when the pH is equal to the pK;) 

5.6 (one log unit more basic than the pK;) 


1. pH — 4.9 When the pH = pK,, half the compound will be in its acidic form (with its 
proton) and half will be in its basic form (without its proton). 


2. pH — 10.7 

1. pH > 6.9 Because the basic form is the form in which the compound is charged, 
the pH needs to be more than two units more basic than the pK, value. 

2. pH < 87 Because the acidic form is the form in which the compound is charged, 


the pH needs to be more than two units more acidic than the pK, value. 
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a. Solved in the text. 

b. For the carboxylic acid to dissolve in water, it must be charged (in its basic form), so the pH will have 
to be greater than 6.8. For the amine to dissolve in ether, it will have to be neutral (in its basic form), so 
the pH will have to be greater than 12.7 to have essentially all of it in the neutral form. Therefore, the 
pH of the water layer must be greater than 12.7. 

c. To dissolve in ether, the carboxylic acid will have to be neutral, so the pH will have to be less than 2.8 
to have essentially all the carboxylic acid in the acidic (neutral) form. To dissolve in water, the amine 
will have to be charged, so the pH will have to be less than 8.7 to have essentially all the amine in the 
acidic form. Therefore, the pH of the water layer must be less than 2.8. 


a. The basic form of the buffer removes a proton from the solution. 
CHsCOO” + H* CH3COOH 
b. The acidic form of the buffer donates a proton in order to remove an hydroxide from the solution. 


CHCOOH + HO- ===  CH4COO- + H,O 


Solved in the text. 


| 


а. ZnCl + СНЗОН “ZnCl, 


В 
HOCH, 


b. FeBr, + {Вг ——- Вг — БеВг; 


с. АС} + :С7 == С—АСЬ 


а, b, c, and В are Brgnsted acids (proton-donating acids). Therefore, they react with НО by giving a proton to it. 
d, e, f, and g are Lewis acids. They react with НО by accepting a pair of electrons from it. 


a. CH,0H + HO = CH0 + H,O 

b. Мн, + НО = NH; + H,O 

& CHONH. > HÓ^ === CH,;NH, + ЊО 

d. BF, + HO = HO— BF; 

е. Сн» + HO = CH40H 

f. FeBn + НО“ = HO— FeBr4 

2. АКВ + НО“ == НО —АІСІ; 

h. CHCOOH + HOT === СН3ЗСОО + H,O 

a. CCl,CH,OH > CHCI,CH,OH > CH,CICH,OH 

b. The greater the number of electron-withdrawing chlorine atoms equidistant from the OH group, the 


stronger the acid. (Notice that the larger the K,, the stronger the acid.) 
The stronger base has the weaker conjugate acid. 


а. НО” b. CH NH c CHO а. Cl 
e. СНСОО” f. CH3;CHBrCOO- 


49. 


50. 


51. 


52. 
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SOON 


ee + ee 
а. NH; + Н-С: —— NH + CE 


if n 
b. H20: + FeBr; H,O— FeBr3 


G/ N *OH 
| С —— | + ch 
H^ ‘OH H^ ^OH 


a. саиаи > сы неон > CICH;CH;CH;COOH > CH;CH,CH,COOH 


Cl Cl 
b. An electron-withdrawing substituent makes the carboxylic acid more acidic, because it stabilizes its 
conjugate base by decreasing the electron density around the oxygen atom. (Remember that the larger 
the K,, the stronger the acid.) 
с. Тһе closer the electron-withdrawing chloro substituent is to the acidic proton, the more it can decrease 
the electron density around the oxygen atom, so the more it stabilizes the conjugate base and increases 
the acidity of its conjugate acid. 


| 

TES i= ..+ = = 

a. „а b. NE + CI c. ос 
CH; CH; H 


" 
a. HOCH,CH,NH; b. -OCH;CH;NH, 


O is more electronegative than N, which is more electronegative than C. Therefore, the alcohol is more 


acidic than the amine, which is more acidic than the alkane. 
S is larger than O, so CH3;CH,SH is more acidic than CH;CH,OH. 


CH,CH;SH > CH;CH,OH > CH;CH,NH, >  CH,CH,CH, 


If the solution is more acidic than the pK, of the compound, the compound will be in its acidic form (with 
the proton). 
If the solution is more basic than the pK, of the compound, the compound will be in its basic form (without 
the proton). 


x 
a. atpH=3  CH4COOH b. atpH=3  CH,CHNH, с. atpH-3 CF,CH,OH 


+ 
at pH=6 CH;COO- at pH =6 CH;CH,NH, atpH=6 CF,CH,OH 


atpH=10 CH3COO^ 


at pH=14 CH4COO^ 


+ 
at pH =10 CH;CH,NH, 


at pH =14 CH,CH,NH, 


at pH =10 CF,;CH,OH 


арн =14 CRCH,O 
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In all four reactions, the products are favored at equilibrium. (Recall that the equilibrium favors formation 
of the weaker acid.) 


а. CHCOOH + CH4O. ==  CH4COO. + CH40H 
b. CH4CH,OH + NH, —" СЊСЊО“ + NH; 

с. СНСООН + CH4NH, =="  CH4COO. + CH3NH; 
d. CH4CHjOH + на = CH4CH;OH, ge cp 


a. HC=CCH,OH > CH,=CHCH,OH > CH;CH,CH,OH 

b. These three compounds differ only in the group that is attached to CH,OH. The more electronegative 
the group attached to CH,OH, the stronger the acid because inductive electron withdrawal stabilizes 
the conjugate base, and the more stable the base, the stronger its conjugate acid. An sp carbon is more 
electronegative than an sp? carbon, which is more electronegative than an sp? carbon. 


In each compound, the nitrogen atom is the most apt to be protonated because it is the stronger base. 


СН; |“ 
+ 
а. к йй р. CH;—C—OH с. ш-н 
OH *NH; *NH; 


The log of 10 ^ = —4, the log of 10? = —5, the log of 10 ^ = —6, and so on. 
Because the pK, = —log K, the pK, of an acid with а K, of 10 * is —(—4) = 4. 
An acid with а К, of 4.0 X 10 ^ isa stronger acid than one with a K, of 1.0 X 107", 
Therefore, the pK, can be estimated as being between 3 and 4. 


a. 1. between3 and 4 b 1. pk, = 3.4 
2. between —2 and —1 2. pK, = —1.3 
3. between 10 and 11 3. pK, = 10.2 
4. between 9 and 10 4. pK, = 9.1 
5. between 3 and 4 5. рк, = 3.7 


c. Nitric acid (HNO3) is the strongest acid because it has the lowest pK, value. (The lower the pK, value, 
the stronger the acid.) 


The direction of the dipole will be toward the more electronegative of the two atoms that are sharing the 


bonding electrons. 
JT———- L———- 
а. CH,—C=CH b. CH,—CH—CH; 


The hydrogen bonded to the oxygen is the most acidic hydrogen in Tenormin. 
A and C because, in each case, the acid is stronger than the acid (H5O) that will be formed as a product. 


The reaction with the more favorable equilibrium constant will be the one with the smallest difference 
between the pK, value of the reactant acid and the pK, value of the product acid, because рК = pK, 
(reactant acid) — pK, (product acid) and the smaller the pK, the larger ће К. 


a. 1. СЊСЊОН has a pK, value = 15.9 
CH3OH has a pK, value = 15.5 
*NH, has a pK, value = 9.4 
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pK, 


eq = PK, (reactant acid) — pK, (product acid) 


= 15.9 — 9.4 = 6.5; Ка = 32 X 107 
= 15.5 — 94 = 6.1; Ка = 79 X107 
Thus, the reaction of CHOH with NH; has the more favorable equilibrium constant. 


2. СЊСЊОН has a pK, value = 15.9 
*NH, has a pK, value = 9.4 


+ 
CH3NH; has a pK, value = 10.7 


pK, 


eq = PK, (reactant acid) — pK, (product acid) 


15.9 — 9.4 = 6.5; Ка = 32 X 107 
= 15.5 — 10.7 = 5.2; Ка = 63 х 10% 
Thus, the reaction of CH;CH,OH with CH4NH, has the more favorable equilibrium constant. 


b. Because the reaction of CH;CH,OH with CH4NH,» has the smallest difference between the pK, values 
of the reactant and product acids, it has most favorable equilibrium constant. 


63. If the reaction is producing protons, the basic form of the buffer will pick up the protons. At the pH at 
which the reaction is carried out (pH — 10.5), a protonated methylamine/methylamine buffer with a 
pK, — 10.7 will have a larger percentage of the buffer in the needed basic form than will a protonated 
ethylamine/ethylamine buffer with a pK, of 11.0. 


64. a. CH= CHCOOH because an sp? carbon is more electronegative than an sp? carbon 
b. О because an oxygen can withdraw electrons inductively 
N 
ZN 
H H 
HC=CCOOH because an sp carbon is more electronegative than an sp? carbon 
d 7 because an sp? nitrogen is more electronegative than an sp? nitrogen 
- 
| 
H 
65. a. The first pK, is lower than the pK, of acetic acid because citric acid has additional oxygen-containing 


groups that withdraw electrons inductively and thereby stabilize the conjugate base. 


b. The third pK, is greater than the pK, of acetic acid because loss of the third proton puts a third negative 
charge on the molecule. Increasing the number of charges on a species destablizes it. 


66. К. = 


Since [H*] = [Н ], both must be 1 X 107 М 
(1х 10°7)(1 x 107) 
j 55.5 
K, = 1.80 х 107 
—log 1.80 x 10719 
рК, = 15.7 


ke) 
E 
|| 
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The answer can also be obtained in the following way: 
[H'][HO ] 
[H50] 
K,[H,0] = [H*][HO"] 
take the log of both sides 
log К, + log( Н›О] = log[ H^] + log[ HO | 
multiply both sides by —1 
—log K, — log[ H2O] = -log[H*] — log[HO ] 
pK, — log] HO] = pH + рон 
pK, — log[ H,O] = 14 
pK, = 14 + log[ ЊО] 
pK, = 14 + log 55.5 


K, = 


pK, = 14 + 1.7 
pK, = 15.7 
67. Charged compounds will dissolve in water, and uncharged compounds will dissolve in ether. The acidic 


forms of carboxylic acids and alcohols are neutral, and the basic forms are charged. The acidic forms of 
amines are charged, and the basic forms are neutral. 


COOH *NH; OH CI +МН; 


| рКа = 4.17 pK, = 4.60 рКа = 9.95 рКа = 10.66 
ether 
water at pH = 2.0 
water layer ether layer 
*NH3 COOH 
add Е add ЊО at pH 
adjust pH of H5O to between 7 and 8 between 7 and 8 
| water layer | ether layer | water layer ether me 
*NH; COO 


з б oó 


add H5O with pH = 12 


| water layer | ether layer 
О Cl 
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[НА | 
[A] 


pK, = pH + log 


The above equation, called the Henderson-Hasselbalch equation, shows that: 


1. 


When the value of the pH is equal to the value of the pK; the concentration of buffer in the acidic form 
[HA] equals the concentration of buffer in the basic form [А |. 


When the solution is more acidic than the value of the pK,, more buffer species аге in the acidic form than in 
the basic form. 


When the solution is more basic than the value of the рК, more buffer species are in the basic form than in the 
acidic form. 


Because the pH of the blood (- 7.3) is greater than the pK, value of the buffer (6.1), more buffer species 
are in the basic form than in the acidic form. Therefore, the buffer is better at neutralizing excess acid. 


a. 


amount in the acidic form 


fraction present in the acidic form - — - я 
amount in the acidic form + amount in the basic form 


Е [НА ] 
__ [НА] + [A] 
Because there аге two unknowns, we must define one in terms of the other. 


By using the definition of the acid dissociation constant, we can define [А ] in terms of [НА], [Н*], 
and K,, so we have only one unknown. 


[HA 
K,[HA 
[H'] 


_ [НА] 
| 
: ] 
[A] — 
Substituting the definition of | A ] into the equation for the fraction present in the acidic form gives: 


[HA] [HA] 1 [H'] 


[НА] + [А] | " K,[HA] _ ШЕ? [н+к 


Therefore, the percentage that is present in the acidic form is given by: 


[87] 


=== X 100 
[H'] + Ka 


Because the pK, of the acid is given as 5.3, we know that К, is 5.0 X 10 $ (because pK, = —log K,). 
Because the pH of the solution is given as 5.7, we know that [H*] is 2.0 х 10 (because pH = 
-log [Н* ]). 
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Substituting into the equation for the percentage present in the acidic form gives: 


[H*] 2.0 x 10% 
= = = = X 100 
[Н] +K, 2.0 X 10° + 5.0 х 10 
2.0 x 107 
Об = 29% 
7.0 х 10 
| | - [Н] 
b. Fraction present in the acidic form = m — 0.80 
[H'] + № 
[H*] = 0.80([H*] + K,) 
[H*] = 0.80 [H*] + 0.80 К, 
0.20 [H^] = 0.80 К, 
[H*] = ак, 
[H^] = 4 x 50 x 10° 
[H*] = 20 x 10° 
pH = 4.7 
70. In each problem, we define [Н*] = x. Then, [А ] is also x. In part a, since we have a 1.0 M solution, 


[HA] = 1.0 — x; in part b, since we have a 0.1 M solution, [НА] = 0.1 — x. 


+ — t = 
" EA т МО 
[НА] [НА] 
"INE _ CINE _ 
1.74 х 10 ET pum 2.00 x 10 ETE 
1743€ 10 7 x^ 2:00 X 10 ^ = x? 
x = 4.16 x 10° х = 141 x 10° 
pH = 2.38 pH = 5.85 


c. This question can be answered by plugging the given concentrations into the Henderson—Hasselbalch 
equation. 


[ acid | 


pK, = pH + ЧЕГ а] 


0.3 
3.76 = pH + logy1 


3.76 = pH + log3 
3.76 = pH + 0.48 
pH = 3.76 — 0.48 = 3.28 
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Practice Test 
Which compound is the stronger acid? 
Cl Cl 
a. СН;СНСН,ОН or CH;CHCH,OH с. ди дй ог РР 
а : а а 
b. HBr or HI d. CH, or МН. 


Which compound is the stronger base? 
a. СЊСЊАЊ or СЊСЊОН b Е or Г 


Draw a circle around the strongest base and draw a square around the weakest base. 


| В 
CH3CO- CH307 СНЗОН CH3NH CH3NH> 


The following compounds are drawn in their acidic forms, and their pK, values are given. 


Draw the form in which each compound would predominantly exist at рН = 8. 


H + 
CH4COOH CH3CH,0H CH40H CH4CH5NH4 
t 
pK, = 4.8 pK, = 15.9 pK, =-2.5 pK, =11.2 


Write the acid-base reaction that occurs when methylamine is added to water. 


Does the above reaction favor reactants or products? 


What is the conjugate base of МН»? 


b. What is its conjugate acid? 


What is the pK, of a compound that at pH = 7.2 has a 10 times greater concentration in its basic form than 


in its acidic form? 
a. What products would be formed from the following reaction? 
+ 
CH30H + МНА = 


b. Does the reaction favor reactants or products? 


A compound has а К, = 6.3 X 10 ?. What is its approximate pK, (that is, between what two integers)? 
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12. 
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12. 
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Label the compounds in order of decreasing acidity. (Label the most acidic compound #1.) 


CH4CH;OH  CH3CH)NH, СН:СН,58Н = CH3CH>CH; 


You are planning to carry out a reaction at pH = 4 that releases protons. Would it be better to use a 1.0 M 


formic acid/sodium formate buffer or a 1.0 M acetic acid/sodium acetate buffer? 
(The pK, of formic acid is 3.75; the pK, of acetic acid is 4.76.) 


Indicate whether each of the following statements is true or false. 


a. HO is a stronger base than NH’. 
b. A Lewis acid is a compound that accepts a share in a pair of electrons. 
c. CHCH; is more acidic than HC — CH}. 
d. The weaker the acid, the more stable the conjugate base. 
e. Thelarger the pK, the weaker the acid. 
f. The weaker the base, the more stable it is. 
Answers to Practice Test 
Я 

а. а b. HI с. си шон d. NH, 

F Cl 


a. CH3CHNH, Е 


| 
СН3СО-__ CHs4CO- СНЗОН ==] © CH;NH; 


СНСОО” CH;CH,OH CHOH . CH;CH;NH, 


а. CH4NH; + ЊО == CH4NH; + НО b. reactants 
a. NH; b. NH, 

6.2 

a. CHOH + “МН. сњон + МН; b. reactants 


between 8 and 9 


CH;CH,NH, | CH,CH,SH  CH;CH,OH  J CH4CH;CH, 
2 3 1 4 


formic acid/sodium formate 


HO is a stronger base than NH3. 

A Lewis acid is a compound that accepts a share in a pair of electrons. 
СН»СН; is more acidic than Н.С = CH». 

The weaker the acid, the more the conjugate base. 

The larger the pK,, the weaker the acid. 

The weaker the base, the more stable it is. 


Po aos 


HAT dA 


Hasse 


аз ез без жез Жез ез 


SPECIAL TOPIC I 


pH, pK,, and Buffers 


First, we will see how the pH of solutions of acids and bases can be calculated. We will look at three different kinds 
of solutions. 


1. A solution made by dissolving a strong acid or a strong base in water. 
2. A solution made by dissolving a weak acid or a weak base in water. 


3. A solution made by dissolving a weak acid and its conjugate base in water. Such a solution is known 
as a buffer solution. 


Before we start, we need to review a few terms. 
An acid is a compound that loses a proton, and a base is a compound that gains a proton. 
The degree to which an acid (HA) dissociates is described by its acid dissociation constant (K,). 
HA == Н+А 


_ НАТ 
* — [HA] 


The strength of an acid can be indicated by its acid dissociation constant (K,) or by its pK, value. 
pK, = —log K, 
The stronger the acid, the larger its acid dissociation constant and the smaller its pK, value. 


For example, an acid with an acid dissociation constant of 1 X 10 ? (pK, = 2) is a stronger acid than one 
with an acid dissociation constant of 1 X 10 (pK, = 4). 


While pK, is used to describe the strength of an acid, pH is used to describe the acidity of a solution. In other 
words, pH describes the concentration of hydrogen ions in a solution. 


pH = -log [H*] 


The smaller the pH, the more acidic the solution: 
acidic solutions have pH values <7; a neutral solution has a pH = 7; basic solutions have pH values 27. 


A solution with a pH = 2 is more acidic than a solution with a pH = 4. 
A solution with a pH — 12 is more basic than a solution with a pH — 8. 


Determining the pH of a Solution 


To determine the pH of a solution, the concentration of hydrogen ion [ Н? ] in the solution must be determined. 


From Special Topic I of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright O 2014 
by Pearson Education, Inc. All rights reserved. 
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Strong Acids 
A strong acid is one that dissociates completely in solution. Strong acids have pK, values <1. 


Because a strong acid dissociates completely, the concentration of hydrogen ions is the same as the concentration 
of the acid: а 1.0 М НСІ solution contains 1.0 M [H* |; а 1.5 М НСІ solution contains 1.5 M [ H* ]. Therefore, to 
determine the pH of a strong acid, the [ H*] value does not have to be calculated; it is the same as the molarity of 
the strong acid. 


Solution [Н"] pH 
1.0 M HCI 1.0 M Tm 
1.0 x 10? M HCI 1.0 x 107 M 2.0 
6.4 x 10^ мна 64 x 107M 3.2 


Strong Bases 
Strong bases are compounds such as NaOH or KOH that dissociate completely in water. 
Because they dissociate completely, the [ HO ] is the same as the molarity of the strong base. 


pOH describes the basicity of a solution. The smaller the pOH, the more basic the solution; just like the smaller the 
pH, the more acidic the solution. 


РОН = -log [HO | 
[НО ] and [ H* ] are related by the ionization constant for water (Ку). 


Ку = [H*] [HO ] = 107 
pH + pOH = 14 


Solution [НО |] рон pH 

1.0 M NaOH 1.0M 0 140—0 = 14.0 

1.0 x 107" M NaOH 1.0 x 107^ M 4.0 14.0 — 4.0 = 10.0 

7.8 x 10? M NaOH 7.8 х102 M 1.1 14.0—1.1 = 12.9 
Weak Acids 


A weak acid does not dissociate completely in solution. Therefore, [ Н ] must be calculated before the pH can be 
determined. 


Acetic acid (CH4COOH) is an example of a weak acid. It has an acid dissociation constant of 1.74 X 10? 


(pK, — 4.76). The pH of a 1.00 M solution of acetic acid can be calculated as follows: 


CH,COOH === H* + CH,COO- 


_ [H*]ICH4COO ] 
* — [CH4COOH] 
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Each molecule of acetic acid that dissociates forms one proton and one acetate ion. Therefore, the concentration of 
protons in solution equals the concentration of acetate ions. Each has a concentration that can be represented by x. 
The concentration of acetic acid, therefore, is the concentration we started with minus x. 


(x) (х) 
1.00 – x 


174 x 10? = 


The denominator (1.00 — x) can be simplified to 1.00 because 1.00 is much greater than x. (When we actually 
calculate the value of x, we see that it is 0.004. And 1.00 — 0.004 = 1.00.) 


x2 


1.00 

x = 4.17 x 1073 
pH = -log 4.17 x 1073 
pH = 2.38 


1.74 x 107 


Formic acid (HCOOH) has a pK, value of 3.75. The pH of a 1.50 M solution of formic acid can be calculated as 
follows: 


HCOOH === Н+ + HCOO™ 


_ [H* ][HCOO ] 
а [HCOOH] 


A compound with a pK, = 3.75 has an acid dissociation constant of 1.78 X 10 *. 
Qe _ x 
1.50-х 1.50 
2 —1.50(178 x 10%) 
x? = 2.67 x 10% 


178 x 104 = 


~ 
1 


х = 1.63 х 10? 
pH = -log (1.63 x 1072) 
рН = 1.79 


Weak Bases 
When a weak base is dissolved in water, it accepts a proton from water, creating hydroxide ion. 


Determining the concentration of hydroxide allows the pOH to be determined, and this in turn allows the pH to be 
determined. 
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The pH of a 1.20 M solution of sodium acetate can be calculated as follows: 


СН3СОО” + Н,0О === СН.СООН + HO^ 
Ку | [HO ИСН.СООН] 
K, — |[CH,COO'] 
1.00 х 107" (х) (х) 
1.74 х 105 120-х 
5.75 х 10719 = a 
1.20 
x? = 6.86 x 10719 
x = 2.62 x 10? = [HO] 
рОН = -1og2.62 x 10> 
pOH = 4.58 
pH = 14.00 – 4.58 
рН = 9.42 


Notice that by setting up the equation equal to K,,/K,, we can avoid the introduction of a new term (Къ), because 
К/К, = КЊ. 


Buffer Solutions 


A buffer solution is a solution that maintains nearly constant pH in spite of the addition of small amounts of H* or 
HO . That is because a buffer solution contains both a weak acid and its conjugate base. The weak acid can donate 
a proton to any НО“ added to the solution, and the conjugate base can accept any Н? that is added to the solution, 
so the addition of small amounts of НОГ or H* does not significantly change the pH of the solution. 


A buffer can maintain nearly constant pH in a range of one pH unit on either side of the pK, of the conjugate acid. 
For example, an acetic acid/sodium acetate mixture can be used as a buffer in the pH range 3.76—5.76 because 
acetic acid has a pK, = 4.76; methylammonium ion/methylamine can be used as a buffer in the pH range 9.7–11.7 
because the methylammonium ion has a pK, — 10.7. 


The pH of a buffer solution can be determined from the Henderson-Hasselbalch equation. This equation comes 
directly from the expression defining the acid dissociation constant. 


Henderson-Hasselbalch equation 


[HA] 
A] 


pK, = pH + log 
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The pH of an acetic acid/sodium acetate buffer solution (pK, of acetic acid = 4.76) that is 1.00 M in acetic acid 
and 0.50 M in sodium acetate is calculated as follows: 


[HA] 
pK, = pH + log 

AC 

1.00 
4.76 = pH + log —— 

P у 0.50 

4.76 = pH + 1052 
4.76 = pH + 0.30 
pH = 4.46 


Remember that compounds exist primarily in their acidic forms in solutions that are more acidic than their pK, 
values and primarily in their basic forms in solutions that are more basic than their pK, values. Therefore, it could 
have been predicted that the above solution will have a pH less than the pK, of acetic acid, because there is more 
conjugate acid than conjugate base in the solution. 


There are three ways a buffer solution can be prepared: 


1. Weak Acid and Weak Base 


A buffer solution can be prepared by mixing a solution of a weak acid with a solution of its conjugate base. 


The pH of a formic acid/sodium formate buffer (pK, of formic acid — 3.75) solution prepared by mixing 25 mL of 
0.10 M formic acid and 15 mL of 0.20 M sodium formate is calculated as follows: 


The equation below shows that the number of millimoles (mmol) of each of the buffer components can be 
determined by multiplying the number of milliliters (mL) by the molarity (M). 


: moles millimoles 
M = molarity = — = ——— 
liters milliliters 


Therefore: 


25mL x 0.10 М = 2.5 mmol formic acid 
15mL x 0.20M = 3.0 mmol sodium formate 


Notice that in the following equation we use mmol for [ HA ] and [А | rather than molarity (mmol/mL) because 
both the acid and the conjugate base are in the same solution so they have the same volume. Therefore, volumes 
will cancel in the equation. 
HA 
pK, = pH + log FAI 
[A ] 


2.5 
335 = о 
k $30 


3.75 = pH + log 0.83 
3.75 = pH — 0.08 
pH = 3.83 


It could have been predicted that the above solution would have a pH greater than the pK, of formic acid, because 
there is more conjugate base than conjugate acid in the solution. 
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2. Weak Acid and Strong Base 


A buffer solution can be prepared by mixing a solution of a weak acid with a strong base such as NaOH. The 
NaOH reacts completely with the weak acid, thereby creating the conjugate base needed for the buffer solution. 
For example, if 20 mmol of a weak acid and 5 mmol of a strong base are added to a solution, the 5 mmol of strong 
base will react with 5 mmol of weak acid, creating 5 mmol of weak base and leaving behind 15 mmol of weak acid. 


The pH of a solution prepared by mixing 10 mL of a 2.0 M solution of a weak acid with a pK, of 5.86 with 5.0 mL 
of a 1.0 M solution of sodium hydroxide can be calculated as follows: 


When the 20 mmol of HA and the 5.0 mmol of HO are mixed, the 5.0 mmol of strong base will react with 
5.0 mmol of HA, with the result that 5.0 mmol of A will be formed and 15 mmol (20 mmol — 5.0 mmol) of HA 
will be left unreacted. 


10 mL x 2.0M = 20mmol HA 15mmol HA 
5.0 mL x 1.0M = 5.0 mmol НО 5.0 mmol А 
[HA] 
pK, = pH + log ГА 


5.86 = рН + log > 


5.86 = pH + log3 
5.86 = pH + 0.48 
pH = 5.38 


3. Weak Base and Strong Acid 


A buffer solution can be prepared by mixing a solution of a weak base with a strong acid such as НСІ. The strong 
acid will react completely with the weak base, thereby forming the conjugate acid needed for the buffer solution. 


The pH of an ethylammonium ion/ethylamine buffer (pK, of СН;СН,М№Н; = 11.0) prepared by mixing 30 mL of 
0.20 M ethylamine with 40 mL of 0.10 М НСІ can be calculated as follows: 


30 mL x 0.20 М = 6.0 mmol RNH, 


2.0 mmol RNH, 


+ 
40 mL x 0.10M = 4.0 mmol H* 4.0 mmol RNH, 


+ 
Notice that 4.0 mmol H* reacts with 4.0 mmol ЕМН,, forming 4.0 mmol RNH,, leaving behind 2.0 mmol RNH;. 


[HA] 
[A ] 
4.0 
ШО en ede 
р 220 


"a 
~ 
| 


рН + 102 


11.0 = pH + log 2.0 
11.0 = pH + 0.30 
pH = 10.7 
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Fraction Present in the Acidic or the Basic Form 


A common question asked is what fraction of a buffer will be in a particular form at a given pH; either what frac- 
tion will be in the acidic form or what fraction will be in the basic form. This is an easy question to answer if you 
remember the following formulas that are derived at the end of this section: 


| . - [H*] 
fraction present in the acidic form = ———— —— 
К, + [H7] 
К 
fraction present in the basic form = t——*—_ 
K, * [H*] 


What fraction of an acetic acid/sodium acetate buffer (pK, of acetic acid = 4.76; К, = 1.74 X 10 ?) is present in 
the acidic form at pH = 5.20; [Н*] = 6.31 х 10 9? 


ШИ: = 6.31 x 10% 
К -[H'] (1.74 x 1072) + (6.31 x 10) 


Е 6.31 x 1079 

© (174 x 105) + (631 x 10%) 
631x10$ 6.31 

237 x10$ 237 

0.26 


What fraction of a formic acid/sodium formate buffer (pK, of formic acid = 3.75; К, = 1.78 X 10“) is present 
in the basic form at pH = 3.90; [H*] = 1.26 x 10 7? 


K 1.78 x 107 


a == 
K, +[Н'] (178 х 107) + (126 х 1073) 
1.78 х 1074 _ 1.78 
3.04 х 1074 3.04 
= 0.586 
= 0.59 


The formulas describing the fraction present in the acidic or basic form are obtained from the definition of the acid 
dissociation constant. 


к _ "ПАЯ 
[НА] 


To derive the equation for the fraction present in the acidic form, we need to define [ A ] in terms of [HA], so we 
will have only one unknown in the equation. 


К, [НА] 


А ] = 
[А ] H] 
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| i - [HA] [HA] 1 
fraction present in the acidic form = — = = 
[НА] + [A7] [HA] к. [HA] |, K, 
[H*] ІН] 
1н] 
K, + [Н] 


To derive the equation for the fraction present іп the basic form, we need to define [НА | in terms of [А ], so we 
can get rid of the [HA] term. 


[H*][A7] 
* [НА] 
_ (HVAT 


a 


fraction present in the basic form = E] = la] 
[HA] + [A7] 


1 


НЕ n 
j 1 


Preparing Buffer Solutions 
The type of calculations just shown can be used to determine how to make a buffer solution. 


For example, how can 100 mL of a 1.00 M buffer solution with a pH — 4.24 be prepared if you have available to 
you 1.50 M solutions of acetic acid (pK, = 4.76; K, = 1.74 X 1077), sodium acetate, HCl, and NaOH? 


First, we need to determine what fraction of the buffer will be present in each form at pH = 4.24; 
[H*] = 5.75 x 107. We will start by calculating the fraction of the buffer present in the acidic form. 


ІН] _ 5.75 x 10° 
К + [Н] (L74x 1075) + (5.75 x 1077) 
_ 345 10“ 
7.49 x 107 
= 0.77 


If a 1.00 M buffer solution is desired, the buffer must be 0.77 M in acetic acid and 0.23 M in sodium acetate. 
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There are three ways to make such a buffer solution: 


1. By mixing the appropriate amounts of acetic acid and sodium acetate in water, and adding water 
to obtain a final volume of 100 mL. 


The amount of acetic acid needed: [CH,COOH] = 0.77 M 
м — mmol = x mmol -07M 
mL 100 mL 
x — TI mmol 


Therefore, we need to have 77 mmol of acetic acid in the final solution. 
To obtain 77 mmol of acetic acid from a 1.50 M solution of acetic acid: 


77 mmol 


1.50M 
ymL 


51.3mL 


y 


Notice that the formula M — mmol/mL was used twice. The first time it was used to determine 
the number of mmol of acetic acid that is needed in the final solution. The second time it was used 
to determine how that number of mmol can be obtained from an acetic acid solution of a known 
concentration. 


The amount of sodium acetate needed: [CH4COO ] = 0.23 М 


x mmol 
100 mL 


x — 23mmol 


= 0.23 


To obtain 23 mmol of sodium acetate from a 1.50 M solution of sodium acetate: 


23mmol _ 1.50M 
ymL 


y = 15.3mL 


The desired buffer solution can be prepared using: 51.3 mL 1.50 М acetic acid 
15.3 mL 1.50 M sodium acetate 
33.4 mL HO 
100.0 mL 
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2. By mixing the appropriate amounts of acetic acid and sodium hydroxide, and adding water to 
obtain a final volume of 100 mL. 


Sodium hydroxide is used to convert some of the acetic acid into sodium acetate. This means that acetic 
acid will be the source of both acetic acid and sodium acetate. 


The concentrations needed are: [ СН;СООН | = 1.00 M 
[NaOH] = 0.23M 


The amount of acetic acid needed: [CH;COOH] = 1.00 M 


x mmol _ 
100 mL 
x = 100 mmol 


00M 


To obtain 100 mmol of acetic acid from a 1.50 M solution of acetic acid: 


100 mmol 
ymL 
у = 66.7 mL 


=1.50M 


The amount of sodium hydroxide needed: [NaOH] = 0.23M 


x mmol 
100 mL 


x = 23 mmol 


= 0.23M 


To obtain 23 mmol of sodium hydroxide from a 1.50 M solution of NaOH: 


23mmol _ 1.50M 
ymL 


y = 15.3mL 


The desired buffer solution can be prepared using: 66.7 mL 1.50 M acetic acid 
15.3 mL 1.50 M NaOH 
18.0 mL НО 
100.0 mL 


3. By mixing the appropriate amounts of sodium acetate and hydrochloric acid, and adding water 
to obtain a final volume of 100 mL. 


Hydrochloric acid is used to convert some of the sodium acetate into acetic acid. 
This means that sodium acetate will be the source of both acetic acid and sodium acetate. 


The concentrations needed аге: [СНзСООМа] = 1.00 M 
[HCl] = 0.77M 
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The amount of sodium acetate needed: | CH4COONa| = 1.00 М 


x = 100 mmol 


To obtain 100 mmol of sodium acetate from a 1.50 M solution of sodium acetate: 


100 mmol 
ymL 
у = 66.7 mL 


=1.50M 


The amount of hydrochloric acid needed: 


[HCl] = 0.77 M 
x mmol 
100 mL 


x = 77 mmol 


0.77 М 


To obtain 77 mmol of hydrochloric acid from a 1.50 М solution of НСІ: 


77 mmol = 150M 
ymL 


у = 51.3 мі 


100 mL of a 1.00 M acetic acid/acetate buffer cannot be made from these reagents, because the volumes 
needed (66.7 mL + 51.3 mL) add up to more than 100 mL. To make this buffer using sodium acetate and 
hydrochloric acid, you would need to use a more concentrated solution (>1.50 M) of sodium acetate or a 
more concentrated solution (21.50 M) of HCl. 
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Problems on pH, pK,, and Buffers 


Calculate the pH of each of the following solutions: 
а. 1 X 10 ?7MHCI 

b. 0.60 M HCl 

c. 140 х 10? M HCI 

d. 1 X 10^ M KOH 

e. 3.70 х 107 M NaOH 

f. а1.20 М solution of an acid with a pK, = 4.23 


g. 1.60 x 10 ? M sodium acetate (pK, of acetic acid — 4.76) 


Calculate the pH of each of the following buffer solutions: 


a. A buffer prepared by mixing 20 mL of 0.10 M formic acid and 15 mL of 0.50 M sodium formate 
(pK, of formic acid — 3.75). 


b. A buffer prepared by mixing 10 mL of 0.50 M aniline and 15 mL of 0.10 M НС 
(pK, of the anilinium ion — 4.60). 


c. A buffer prepared by mixing 15 mL of 1.00 M acetic acid and 10 mL of 0.50 M NaOH 
(pK, of acetic acid — 4.76). 


What fraction of a carboxylic acid with pK, = 5.23 would be ionized at pH = 4.98? 


What would be the concentration of formic acid and sodium formate in a 1.00 M buffer solution with a 
pH = 3.12 (pK, of formic acid = 3.75)? 


You have found a bottle labeled 1.00 M RCOOH. You want to determine what carboxylic acid it is, so you 
decide to determine its pK, value. How would you do this? 


a. How would you prepare 100 mL of a buffer solution that is 0.30 M in acetic acid and 0.20 M in sodium 
acetate using a 1.00 M acetic acid solution and a 2.00 M sodium acetate solution? 


b. The pK, of acetic acid is 4.76. Would the pH of the above solution be greater or less than 4.76? 


You have 100 mL of a 1.50 M acetic acid/sodium acetate buffer solution that has a pH = 4.90. How could 
you change the pH of the solution to 4.50? 


You have 100 mL of a 1.00 M solution of an acid with a pK, = 5.62 to which you add 10 mL of 1.00 M 
sodium hydroxide. What fraction of the acid will be in the acidic form? How much more sodium hydroxide 
will you need to add in order to have 40% of the acid in its acidic form (that is, with its proton)? 


п. 
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Describe three ways to prepare a 1.00 M acetic acid/sodium acetate buffer solution with a pH = 4.00. 


You have available to you 1.50 M solutions of acetic acid, sodium acetate, sodium hydroxide, and hydro- 
chloric acid. How would you make 50 mL of each of the buffers described in the preceding problem? 


How would you make a 1.0 M buffer solution with a pH = 3.30? 


You are planning to carry out a reaction that will produce protons. In order for the reaction to take place at 
constant pH, it will be carried in a solution buffered at pH = 4.2. Would it be better to use a formic acid/ 
formate buffer or an acetic acid/acetate buffer? 
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Solutions to Problems on pH, pK,, and Buffers 


1. а. pH = -log(1 х 103) 
pH = 3 


b. pH = —log 0.60 
pH = 0.22 


с. pH = -log (140 x 1072) 
рН = 1.85 


d. РОН = -log (1 x 1073) 
pOH — 3 
pH = 14-3=11 


е. рОН = —log (3.70 x 107) 


f pK, = 4.23, K,= 5.89 x 10° 


к _ BHA] 
a [НА] 
2 
5.89 x 1075 = —_ 
1.20 


х? = 7.07 x10? 
x = 841 х 10° 


pH = 2.08 
" _ 
в. Kw _ НО ПНА] (К, = 10476 = 174 x 105) 
К, [А ] 
1.0 x 10 7 х? 


1.74 x 10? 1.60 x 1072 
2 


Sexi Кыш = 
1.60 x 10 
x? = 9.20 x 10? 
x = 3.03 x 10° 
pOH = 5.52 
pH = 14.00-5.52 = 8.48 
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a. formic acid: 20 mL х 0.10M = 2.0 mmol 
sodium formate: 15 mL Х 0.50 М = 7.5 mmol 


[HA] 


pK = pH + log —— 
[A ] 


2.0 
395 = tH due = 
E 275 


3.75 = pH + 1050.27 
3.75 = pH + (0.57) 


рН = 4.32 
b. aniline: 10 mL X 0.50M = 5.0 што > 3.5 mmol aniline (RNH;) " 
НСІ: 15 mL X 0.10M = 1.5mmol —~ 1.5 mmol anilinium hydrochloride (RNH3) 
[HA] 
pK, = pH + log — 
[A ] 
1.5 
4.60 = pH + log — 
VU PIS 
4.60 = pH + log 0.43 
4.60 = pH + (-0.37) 
pH = 4.97 


с. acetic acid: 15 mL х 1.00 М = 15 mmol ——> 10 mmol acetic acid 
NaOH: 10 mL х 0.50M = 5.0 ттој >  5.0mmol sodium acetate 


[HA] 


pK, pH + log 


10 
4.76 = pH + юе 
4.76 = pH + log2 
4.76 = pH + 0.30 
pH = 4.46 


The ionized form is the basic form. Therefore, we need to use the equation that allows us to calculate the 
fraction present in the basic form. 


K, 5.89 x 1079 _ 5.89 x 10° 


K + [H*] © (5.89 x 10%) + (10.47 x 10%) 16.36 x 107 
= 0.36 


fraction of buffer in the basic form = 
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K 1.78 x 107 


a 


fraction of buffer in the basic form = = = i 
K + [Н+] (178 x 10) + (7.59 x 10^) 


_ 178 x 104 
9.37 x 104 


= 0.19 


[ sodium formate | = 0.19 М 
[ formic acid] = 0.81 М 


From the Henderson-Hasselbalch equation, we see that the pH of the solution is the same as the pK, of 
the species in the acidic form when the concentration of the species in the acidic form is the same as the 
concentration of the species in the basic form. 


[HA] 


pH + log —— 
[A ] 


pK, 


when [HA] = [А 1. 
pk = pH 
Thus, in order to have a solution in which the pH will be the same as the pK, the number of mmol of acid 
must equal the number of mmol of conjugate base. 


Preparing a solution of x mmol of RCOOH and 1/2xmmol NaOH will give a solution in which 
[RCOOH] = [RCOO |. 


For example: 20 mL of 1.00 МКСООН = 20 mmol 
10 mL of 1.00 M NaOH = 10 mmol 


This will give a solution that contains 10 mmol RCOOH and 10 mmol RCOO . 
The pH of this solution is the pK; of RCOOH. 


y, С кайы smol ОМ 
100 mL 100 mL 
x = 30 mmolof aceticacid x — 20 mmol of sodiumacetate 
30 mmol _ 100М 20 mmol _ 2.00 M 
у mL ymL 
y = 30mL of 1.00 M acetic acid y = 10mL of 2.00 M acetic acid 


The buffer solution could be prepared by mixing: 30 mL of 1.00 М acetic acid 
10 mL of 2.00 M sodium acetate 
60 mL of water 


100 mL 


b. Because the concentration of buffer in the acidic form (0.30 M) is greater than the concentration of 
buffer in the basic form (0.20 M), the pH of the solution will be less than 4.76. 


Special Topic I 
Original solution 


Ko 1.74 x 10? 
К +[Н'] (1.74 x 107?) + (1.26 x 10) 


fraction of buffer in the basic form = 


1.74 x 10% 
~ 300 x 105 
= 0.58 

0.58 х 1.50 М = 0.87 M 

[A ] = 0.87 M 

[HA] = 0.63 M 

Desired solution 
К. 1.74 x 10> 


fraction of buffer in the basic form = 


K + [H*] — (174 x 102) + (3.16 x 105) 


174 x 10? 
~ 490 x 107 
= 0.35 
0.35 х 1.50M = 0.53 М 
[A ] = 0.53 М 
[НА] = 0.97 М 


The original solution contains 87 mmol of A (100 mL х 0.87 М). 
The desired solution with a pH = 4.50 must contain 53 mmol of А. 
Therefore, 34 mmol of A (87 — 53 = 34) must be converted to HA. 
This can be done by adding 34 mmol of НСІ to the original solution. 


If you have a 1.00 М НСІ solution, you will need to add 34 mL to the original solution in order to change its 
pH from 4.90 to 4.50. 


34 mmol _ 1.00 M 
xm 


x = 34mL 


Note that after adding НСІ to the original solution, it will no longer be a 1.50 M buffer; it will be more dilute 
(150 mmol/134 mL = 1.12 M). 


The change in the concentration of the buffer solution will be less if a more concentrated solution of НСІ is 
used to change the pH. For example, if you have a 2.00 M НСІ solution: 


34mmol 00M 


xmL 
x = 17mL 
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You will need to add 17 mL to the original solution, and the concentration of the buffer will be 
1.28 M (150 mmol/117 mL = 1.28 M). 


8. acid: 100 mL X 1.00M = 100mmolHA > 90mmolHA 
NaOH: 10 mL х 1.00M = 10mmolHO —>  10mmolA 
Therefore, 90% is in the acidic form. 


For 4066 to be in the acidic form, you need: 


40 mmol HA 
60 mmol А 


You need to have 60 mmol rather than 10 mmol in the basic form. To get the additional 50 mmol in the basic 
form, you would need to add 50 mL of 1.0 M NaOH. 


9. fraction of buffer _ К, 1.74 x 10° 1.74 x 10? 


inthebasicform К + [H*] — (174 x 105) + (1.00 x 10) (174 x 1073) + (10.00 x 1073) 


1.74 x 107 
11.74 х 107 
= 0.15 
[A] = 0.15M 
[HA] = 0.85 M 
a. [acetic acid] = 0.85 M b. [acetic acid] = 1.00 M c. [sodium acetate] = 1.00 M 
[ sodium acetate | = 0.15 M [NaOH] = 0.15 M [HCl] = 0.85 M 
10. О 
50 mL 
x = 42.5 mmol of acetic acid 
42.5mmol _ 1.50M 
ymL 
y = 283mL of 1.50 M acetic acid 
x mmol = 0.15M 
50 mL 
x — 7.5 mmol of sodium acetate 
7.5 mmol = 150M 
уш, 


у = 5.0mL of 1.50 М sodium acetate 
28.3 mL of 1.50 M acetic acid 
5.0 mL of 1.50 M sodium acetate 


16.7 mL of H,O 
50.0 mL 
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x mmol 
50 mL 


Special Topic I 


1.00 M 


x = 50 mmol of acetic acid 


50 mmol 
ymL 


= 150M 


у = 33.3 mL of 1.50M acetic acid 


x mmol 
50 mL 


= 0.15M 


x = 7.5 mmol of NaOH 


7.5 mmol 
ymL 


= 150M 


y = 5.0 mL of 1.50 М NaOH 


= 
|| 


50 mmol 


ут, 
у = 


x mmol 
50 mL 
x= 
42.5 mmol 
ymL 


y= 


We cannot make the required buffer with these solutions, because 33.3 mL + 28.3 mL > 50 mL. 


33.3 mL of 1.50 M acetic acid 
5.0 mL of 1.50 M NaOH 


11.7 mL of H,O 
50.0 mL 


1.00M 


50 mmol of sodium acetate 


1.50M 


33.3 mL of 1.50 M sodium acetate 


0.85 М 


42.5 mmol of НСІ 


1.5M 


28.3mL of 1.5 M HCI 
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п. 


12. 
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Because formic acid has a pK, = 3.75, a formic acid/formate buffer can be a buffer at pH = 3.30, since this 
pH is within one pH unit of the pK, value. 


К. 1.78 x07 


fraction of buffer in the basic form — K + [H*] = (1.78 x 107) + (5.01 x 10777 
а 


_ 178 x 107% 
6.79 x 1074 
= 0.26 


The solution must have | formic acid] = 0.74 M and [ sodium formate | = 0.26 M. 


The reaction to be carried out will generate protons that will react with the basic form of the buffer in order 
to keep the pH constant. 


Therefore, the better buffer would be the one that has the larger percentage of the buffer in the basic form. 


The pK, of formic acid is 3.74. Because the pH of the solution (4.2) is more basic than the pK, value of the 
compound, formic acid will exist primarily in its basic form. 


The pK, of acetic acid is 4.76. Because the pH of the solutions is more acidic than the pK, value of the 
compound, acetic acid will exist primarily in its acidic form. 


Therefore, the formate buffer is preferred, because it has a greater percentage of the buffer in the basic form. 
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Important Terms 


alcohol 


alkane 
alkyl halide 
alkyl substituent 


amine 


angle strain 


anti conformer 


axial bond 


boat conformer 


boiling point 


chair conformer 


cis fused 


cis isomer 


(for a cyclic compound) 


cis-trans stereoisomers 


common name 


conformation 


conformational analysis 


a compound with an OH group in place of one of the hydrogens of an alkane 
(ROH). 


a hydrocarbon that contains only single bonds. 
a compound with a halogen in place of one of the hydrogens of an alkane. 
a substituent formed by removing a hydrogen from an alkane. 


a compound in which one or more of the hydrogens of NH; are replaced by ап 
alkyl substituent (RNH;, R,NH, R3N) 


the strain introduced into a molecule as a result of its bond angles being distorted 
from their ideal values. 


the staggered conformer in which the largest substituents bonded to the two 
carbons are opposite each other. It is the most stable of the staggered conformers. 


a bond of the chair conformer of cyclohexane that points directly up or directly 
down. 


a conformer of cyclohexane that roughly resembles a boat. 


the temperature at which the vapor pressure of a liquid equals the atmospheric 
pressure. 


a conformer of cyclohexane that roughly resembles a chair. It is the most stable 
conformer of cyclohexane. 


two rings fused together in such a way that if the second ring were considered to 
be two substituents of the first ring, the two substituents would be on the same side 


of the first ring. 


the isomer with two substituents on the same side of the ring. 


see the definition of “cis isomer” and “trans isomer.” 
non-systematic nomenclature. 
the three-dimensional shape of a molecule at a given instant. 


the investigation of various conformers of a molecule and their relative stabilities. 


From Chapter 3 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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conformers 


constitutional isomers 
(structural isomers) 


cycloalkane 


1,3-diaxial interaction 


dipole-dipole interaction 


eclipsed conformer 


equatorial bond 


ether 


flagpole hydrogens 


functional group 


gauche conformer 


gauche interaction 
geometric isomers 
half-chair conformer 
homologue 


homologous series 


hydrocarbon 


hydrogen bond 
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different conformations of a molecule. 


molecules that have the same molecular formula but differ in the way the atoms 
are connected. 


an alkane with its carbon chain arranged in a closed ring. 


the interaction between an axial substituent and one of the other two axial substitu- 
ents on the same side of a cyclohexane ring. 


an interaction between the dipole of one molecule and the dipole of another. 


a conformer in which the bonds on adjacent carbons are parallel to each other 
when viewed looking down the carbon-carbon bond. 


a bond of the chair conformer of cyclohexane that juts out from the ring but does 
not point directly up or directly down. 


a compound in which an oxygen is bonded to two alkyl substituents (ROR). 


the two hydrogens in the boat conformer of cyclohexane that are at the 1- and 
4-positions of the ring. 


the center of reactivity of a molecule. 
a staggered conformer in which the largest substituents bonded to the two carbons 


are gauche to each other; that is, their bonds have a dihedral angle of approxi- 
mately 60°. 


The substituents are gauche to each other. 


the interaction between two atoms or groups that are gauche to each other. 
cis-trans (or E,Z) isomers. 

the least stable conformer of cyclohexane. 

a member of a homologous series. 


a family of compounds in which each member differs from the next by one methy- 
lene group. 


a compound that contains only carbon and hydrogen. 


an unusually strong dipole-dipole attraction (5 kcal/mol) between a hydrogen 
bonded to O, N, or F and the lone pair of a different O, N, or F. 
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hyperconjugation 


induced dipole-induced 
dipole interaction 


IUPAC nomenclature 
melting point 
methylene group 


Newman projection 


packing 


parent hydrocarbon 


perspective formula 


polarizability 
primary alcohol 
primary alkyl halide 
primary amine 
primary carbon 
primary hydrogen 


quaternary ammonium 
salt 


ring-flip (chair-chair 
interconversion) 


sawhorse projection 


secondary alcohol 
secondary alkyl halide 
secondary amine 
secondary carbon 


secondary hydrogen 


delocalization of electrons by the overlap of a с orbital with an empty orbital. 


an interaction between a temporary dipole in one molecule and the dipole that the 
temporary dipole induces in another molecule. 


systematic nomenclature. 
the temperature at which a solid becomes a liquid. 
a СН, group. 


a way to represent the three-dimensional spatial relationships of atoms by looking 
down the length of a particular carbon-carbon bond. 


a property that determines how well individual molecules fit into a crystal lattice. 


the longest continuous carbon chain in a molecule; if the molecule has a functional 
group, it is the longest continuous carbon chain that contains the functional group. 


а way to represent the three-dimensional spatial relationships of atoms using two 
adjacent solid lines, one solid wedge, and one hatched wedge. 


the ease with which an electron cloud of an atom can be distorted. 
an alcohol in which the OH group is bonded to a primary carbon. 
an alkyl halide in which the halogen is bonded to a primary carbon. 
an amine with one alkyl group bonded to the nitrogen. 

a carbon bonded to only one other carbon. 

a hydrogen bonded to a primary carbon. 


a nitrogen compound with four alkyl groups bonded to the nitrogen, plus an 
accompanying anion. 


the conversion of a chair conformer of cyclohexane into the other chair conformer. 
Bonds that are axial in one chair conformer are equatorial in the other chair 
conformer. 


a way to represent the three-dimensional spatial relationships of atoms by looking 
at the carbon-carbon bond from an oblique angle. 


an alcohol in which the OH group is bonded to a secondary carbon. 
an alkyl halide in which the halogen is bonded to a secondary carbon. 
an amine with two alkyl groups bonded to the nitrogen. 

а carbon bonded to two other carbons. 


a hydrogen bonded to a secondary carbon. 
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skeletal structure 


skew-boat conformer 
solubility 
solvation 


staggered conformer 


steric hindrance 


steric strain 


straight-chain alkane 


structural isomers 
(constitutional isomers) 


symmetrical ether 
systematic nomenclature 
tertiary alcohol 

tertiary alkyl halide 
tertiary amine 

tertiary carbon 

tertiary hydrogen 


trans-fused 


trans isomer 
(for a cyclic compound) 


twist-boat conformer 
unsymmetrical ether 


van der Waals forces 
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a structure that shows the carbon-carbon bonds as lines and does not show the 
carbon-hydrogen bonds. 


one of the conformers of a cyclohexane ring. 
the extent to which a compound dissolves in a solvent. 
the interaction between a solvent and another molecule (or ion). 


a conformer in which the bonds on one carbon bisect the bond angles on the adja- 
cent carbon when viewed looking down the carbon-carbon bond. 


XX 


hindrance due to groups occupying a volume of space. 


the repulsion between the electron cloud of an atom or group of atoms and the 
electron cloud of another atom or group of atoms. 


an alkane in which the carbons form a continuous chain with no branches. 


molecules that have the same molecular formula but differ in the way the atoms 
are connected. 


an ether with two identical alkyl substituents bonded to the oxygen. 

a system of nomenclature based on rules such as IUPAC nomenclature. 
an alcohol in which the OH group is bonded to a tertiary carbon. 

an alkyl halide in which the halogen is bonded to a tertiary carbon. 

an amine with three alkyl groups bonded to the nitrogen. 

а carbon bonded to three other carbons. 

a hydrogen bonded to a tertiary carbon. 


two rings fused together in such a way that 1f the second ring were considered to 
be two substituents of the first ring, the two substituents would be on opposite 
sides of the first ring. 


the isomer with two substituents on opposite sides of the ring. 


one of the conformers of a cyclohexane ring. 
an ether with two different alkyl substituents bonded to the oxygen. 


induced dipole-induced dipole interactions. 
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Solutions to Problems 


1. a. C,Hb,+2 If there are 17 carbons, then there are 36 hydrogens. 


b. C,Hb>,,+2 If there are 74 hydrogens, then there are 36 carbons. 


2. CH4CH;CH;CH5CH4CH5CH5CH; CH CCH Cen CHC CIS 
octane СНз  isooctane 
3. а. propyl alcohol b. butyl methyl ether с. propylamine 
I. 
4. а. ан b. ae 
СН» СН» 
2-methylbutane 2,2-dimethylpropane 
5. Notice that each carbon forms four bonds, and each hydrogen and bromine forms one bond. 
i 
CH4CH5CH;CH,Br CH4CHCH;CH; CH4CHCH3Br CH4CCH; 
| | | 
Br СН» Вг 
n-butyl bromide sec-butyl bromide isobutyl bromide tert-butyl bromide 
or 
butyl bromide 
6. “Dibromomethane does not have constitutional isomers” proves that carbon is tetrahedral. 


If carbon were flat, rather than being tetrahedral, dibromomethane would have constitutional isomers 
because the two structures shown below would be different since the bromines would be 90° apart in one 
compound and 180° apart in the other compound. Only because carbon is tetrahedral are the two structures 


identical. 
H Br 
os uos 
br br 
CH3 
7. a. CH4CHOH c. CH;CH,CHI e. ны Ер 
бн, m m 
CH; 
b. CH;CHCH;CH;F d. ен f. CH;,CH,CH,CH,CH,CH,CH,CH>Br 
СЕ: CH;CH; 
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8. a. ethyl methyl ether с. sec-butylamine 


b. methyl propyl ether 


9, a. Solved in the text. 


СН» 


| 
b. CH4CHCHCH;CH;CH; 
| 


CH;CH; 
c. CH3CH;CH;CCH5CH;CH;CH;CH5CH; 


CHCH; 


10. а. #1 CH4CH5CH;CH5CH5CH5CH54CH; 
octane 


#2 CH;CHCH,CH,CH,CH,CH; 


| 
CH; 


2-methylheptane 


#3  CH4CH;CHCH;CH;CH;CH; 


| 
CH; 


3-methylheptane 


#4  CH3CH;?CH;?CHCH;CH?CHsS 


| 
CH; 


4-methylheptane 


CH; 
| 
#5 СН3ССН›СН»СН»СН» 


2,2-dimethylhexane 
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e. isobutyl bromide 


d. butyl alcohol or n-butyl alcohol f. sec-butyl chloride 


CH; CH; CH. 
| | | 
d. CH4CHCH;C— CHCH;CH; 


| 
CHCH; 


CH; CH; 
| | 
e. СН;СНСН›СНСНСН›СН›СН; 


CHCH; 
| 


f. CH3CH,CH,CHCH,CH,CH>CH; 
CH3CCH3 
| 


CH; 


CH; CH; 


| 
#10  CH;CH;CH —CHCH,CH; 
3,4-dimethylhexane 
CH; CH; 


#11  CH;C— CHCH;CH; 
| 


СН» 
2,2,3-trimethylpentane 


CH, CH; 
| 
#12 CH,;CCH)CHCH; 
| 


СН» 
2,2,4-trimethylpentane 


СНз СН; 


| 
#13 CH;CH — CCH;CHs 


| 
СН; 


2,3,3-trimethylpentane 
DT T 


#14 CH4CH— СН —CHCH; 


2,3,4-trimethylpentane 


п. 


12. 


CH; 
| 

#6  CH,CH;CCH;CH;CH; 
| 


CH; 
3,3-dimethylhexane 


#7 CH; CH; 


| | 
CHCH — CHCH,CH,CH; 


2,3-dimethylhexane 


#8 CH; CH; 
| | 
CH4CHCH;CHCH;CH; 


2,4-dimethylhexane 
CH3 CH3 


| | 
#9  CH;CHCH;CH;CHCH; 


2,5-dimethylhexane 


The systematic name is under each structure. 


#15 


#16 


#17 


#18 
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СН» СНз 
| 
CH3C — ССН; 
| | 
CH; CH3 


2,2,3,3-tetramethylbutane 


CH, CH>CHCH;CH,CH, 
| 
CHCH; 


3-ethylhexane 


CH; 
| 
CH;4CH;CHCHCH; 


| 
CHCH; 


3-ethyl-2-methylpentane 
СН» 

не ЕА 
СН›СНз 

3-ethyl-3-methylpentane 


Only #1 (octane or n-octane) and #2 (isooctane) have common names. 


b 
с. 
4. #2, #7, #8, #9, #12, #13, #14, #17 
е. #3, #8, #10, #11 

f. #5, #11, #12, #15 

а. 2,2,4-trimethylhexane 

b. 2,2-dimethylbutane 

c. 3-methyl-4-propylheptane 

d. 2,2,5-trimethylhexane 

e. 3j-diethyl-4-methyl-5-propyloctane 


CH; 
| 
a. CH4CH,CH,CH;CH, b. CH;CCH; 
| 
СН» 
репїапе 
ah 
1 
N 
0 C 7? 
i. N 


коют 


2,2-dimethylpropane 


5-ethyl-4,4-dimethyloctane 
3,3-diethylhexane 
4-(1-methylethyl) octane 
2,5-dimethylheptane 


CH; CH; 
| 


| 
с. СН»СНСН»СН» д. CH3CHCH;CH5 


2-methylbutane 2-methylbutane 
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14. 


15. 


16. 


17. 


18. 
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РЕОРЕ 


E 


AZ gg 
в ш 


CH, CHCH; 
CH;,CHCHCHCH ,CH,CH, 


| 


]-ethyl-2-methylcyclopentane 
ethylcyclobutane 
4-ethyl-1,2-dimethylcyclohexane 
3,6-dimethyldecane 
2-cyclopropylhexane 


sec-butyl chloride 
2-chlorobutane 
secondary 


cyclohexyl bromide 
bromocyclohexane 
secondary 


= та г 
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b. CH4CCH;CH;CHCH, 


1-ethyl-3-isobutylcyclohexane 
5-(1-methylethyl)nonane 
I-sec-butyl-A-isopropylcyclohexane 
heptane 

1-bromohexane 


isohexyl chloride 
1-chloro-4-methylpentane 
primary 


isopropyl] fluoride 
2-fluoropropane 
secondary 


19. 


20. 


21. 


22. 
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a. СНС! Note that the name of a CH,Cl b. Cl CH; 

sustituent is “chloromethyl,” 
because a Cl is in place of one of 


the Hs of a methyl substituent 


chloromethylcyclohexane ]-chloro-1-methylcyclohexane 
с. CH3 CH3 CH; 
Cl 
Cl 
Cl 

1-chloro-2-methylcyclohexane 1-chloro-3-methylcyclohexane 1-chloro-4-methylcyclohexane 
a. 1. methoxyethane 4. l-isopropoxy-3-methylbutane 

2. ethoxyethane 5. 1-ргорохубшапе 

3. 4-methoxyoctane 6. 2-isopropoxyhexane 
b. No. 
с. 1. ethyl methyl ether 4. isopentyl isopropyl ether 

2. diethyl ether 5. butyl propyl ether 

3. nocommon name 6. nocommon name 
СНОН CH;CH;CH;CH;0H 
common = methyl alcohol common = butyl alcohol or n-butyl alcohol 
systematic — methanol systematic = 1-butanol 
СЊСЊОН CH3CH,CH,CH,CH,OH 
common = ethyl alcohol common = pentyl alcohol or n-pentyl alcohol 
systematic — ethanol systematic = 1-pentanol 
CH;CH,CH,OH CH3CH,CH,CH,CH,CH,OH 
common = propyl alcohol or n-propyl alcohol common = hexyl alcohol ог n-hexyl alcohol 
systematic = 1-propanol systematic = 1-hexanol 
а. l-pentanol c. 5-methyl-3-hexanol 

primary secondary 
b. 5-chloro-2-methyl-2-pentanol d. 7-methyl-3,5-octanediol (Notice that because there 

tertiary are two OH groups, the suffix is “diol.”) 


both alcohol groups are secondary 
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23. 


24. 


25. 


26. 


27. 


28. 
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СН» СН» 
| | 
CH3CCH2CH2CH3 CH3CH2CCH2CH3 
| | 
OH OH 


2-methyl-2-pentanol 


a. 


3-methyl-3-pentanol 


4-chloro-3-ethylcyclohexanol 
secondary 


7,8-dimethyl-3-nonanol 
secondary 

tertiary alkyl halide b. tertiary alcohol 
hexylamine 


]-hexanamine 
primary 


sec-butylisobutylamine 
N-isobutyl-2-butanamine 
secondary 


diethylmethylamine 
N-ethyl-N-methylethanamine 
tertiary 


CH;CH)CH,NHCH>CHCH; 
| 
СН; 
CH;CH,NHCH,CH; 


CH4CHCH;CH;CH;CH;NH; 


| 
CH; 


6-methyl-1-heptanamine 
isooctylamine 
primary 


cyclohexanamine 
cyclohexylamine 
primary 
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хе. 


ОН 


CH; 


| 
CH3C— CHCH; 


| | 
OH CH; 


2,3-dimethyl-2-butanol 


c. 


1-bromo-5,5-dimethyl-3-heptanol 
secondary 


4-methylcyclohexanol 
secondary 


с. primary amine 


butylpropylamine 
N-propyl-1-butanamine 
secondary 


diethylpropylamine 
N,N-diethyl-1-propanamine 
tertiary 


N-ethyl-3-methylcyclopentanamine 
no common name 
secondary 


CH4CH;CHjNCH;CH;CH; 
бн, 
CH3CH;CHCH;CH; 
N 


я № 
СНЕ. CH; 


МСНСН; 


| 
CH; 


4-methyl-N-propyl-1-pentanamine 
isohexylpropylamine 
secondary 


2,5-dimethylcyclohexanamine 
no common name 
primary 


29. 


30. 


31. 


32. 


33. 


34. 
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a. The bond angle is predicted to be similar to the bond angle in water (104.5°). 
b. The bond angle is predicted to be similar to the bond angle in ammonia (107.3°). 
c. The bond angle is predicted to be similar to the bond angle in water (104.5°). 
d. The bond angle is predicted to be similar to the bond angle in the ammonium ion (109.5°). 
To be a liquid at room temperature, the compound must have a boiling point that is greater than room 
temperature. 
pentane or 2-methylbutane 
а. 1,4, апа 5 
b. 1,2,4,5,and6 
a. Each water molecule has two hydrogens that can form hydrogen bonds, whereas each alcohol mole- 


cule has only one hydrogen that can form a hydrogen bond. Therefore, there are more hydrogen bonds 
between water molecules than between alcohol molecules. 


ын а. ж. 
н H н 
ÖH Ж 
| 

H H 


Each water molecule has two hydrogens that can form hydrogen bonds and two lone pairs that can 
accept hydrogen bonds, so both hydrogens of a water molecule can engage in hydrogen bonding. In 
contrast, ammonia has three hydrogens that can form hydrogen bonds but only one lone pair that can 
accept hydrogen bonds, so only one hydrogen of an ammonia molecule can engage in hydrogen bond- 
ing, so it will have a lower boiling point than water. 


Each water molecule has two hydrogens that can form hydrogen bonds and two lone pairs that can 
accept hydrogen bonds, so both lone pairs of a water molecule can engage in hydrogen bonding. In 
contrast, HF has three lone pairs that can accept hydrogen bonds but only one hydrogen that can form a 
hydrogen bond, so only one lone pair of a HF molecule can engage in hydrogen bonding, so it will have 
a lower boiling point than water. 


HF and ammonia can each form only one hydrogen bond, but HF has a higher boiling point because 
the hydrogen bond formed by HF is stronger since fluorine is more electronegative than nitrogen. 


OH OH OH МН» 
ү > о ү ee үч 
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PARR RR > о Эше 


e ОН, ОТУ ОН ИА ae > у 


ОН H 
35. a. ме чү > а > Ро ИН >. 
OH о O 


b. HOCH,CH,CH,OH > CH;CH,CH,OH > CH4CH;CH;CH;OH > CH,CH;CH;CH;CI 


36. Because cyclohexane is a nonpolar compound, it will have the lowest solubility in the most polar solvent, 
which, of the solvents given, is ethanol. 


CH3CH»,CH,CH,CH,OH CH3CH,OCH,CH; CH3;CH,OH  CH3;CH,CH,CH,CH,CH3 
]-pentanol diethyl ether ethanol hexane 


37. Start with the least stable conformer and then obtain the others by keeping the front carbon constant and 
rotating the back carbon clockwise. 


"P CH; 
а. СН;СН, CH3 H CH;CH; H CH3 
' TAL 
H Е H " CHCH; 
Н. H H E 
A B C 
CH; m CH; 
H H Hn CH;CH> H 
H H T H H H 
CHCH; CH;CH, H 
D E Е 


Potential 
Energy 


D 


T T T 
120 180 240 300 360 
Degrees of Rotation 


оч 
е 
о 
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38. a. The Newman projection shows rotation about the C-2—C-3 bond. 
OH 
“ха 3-ethyl-2-pentanol 


b. The Newman projection shows rotation about the C-2—C-3 bond. 


NH; 
2 x 2-methyl-2-pentanamine 

39. To draw the most stable conformer: put the largest group on the front carbon opposite the largest group on 

the back carbon. 

а. СН» b. СН»СН» с. СН»СН» 

H H H СН; СН; СН; 
CH2CH3 СН›СНз СН›СНз 
o 360° 
360 e 

40. а. 180° -^, 0 
41. You can get the total strain energy of cycloheptane by subtracting the strainless heat of formation from the 

actual heat of formation: 

The “strainless” heat of formation of cycloheptane is 7 (—4.92) = —34.4 kcal/mol. 

The actual heat of formation of cycloheptane is —28.2 kcal/mol. 

Therefore, the total strain energy of cycloheptane is —28.2 — (—34.4) = 6.2 kcal/mol. 
42. Hexethal would be expected to be the more effective sedative because it is less polar than barbital since 


hexethal has a hexyl group in place of the ethyl group of barbital. Being less polar, hexethal will be better 
able to penetrate the nonpolar membrane of the cell. 


а а а! b. CI 
а cl CI 
CI CI 
| Cl 
Ci 
Cl Cl 


44. Two 1,3-diaxial (gauche) interactions cause the chair conformer of fluorocyclohexane to be 0.25 kcal/mol 
less stable when the fluoro substituent is in the axial position than when it is in the equatorial position. 


43. 


The gauche conformer of 1-fluoropropane has one gauche interaction. Therefore, the gauche conformer is 
(0.25/2) = 0.13 kcal/mol less stable than the anti conformer that has no gauche interactions. 
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45. 


46. 


47. 


48. 


49. 


50. 


51. 
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= [ equatorial conformer | _ 54 
*5 [axial conformer] 1 


[ equatorial conformer | 


% of equatorial conformer = - - x 100 

[ equatorial conformer] + [axial conformer | 

5.4 5.4 
== X 100 = — X 100 = 84% 

54+ 1 6.4 
If both substituents point downward or both point upward, it is а cis isomer. 
If one substituent points upward and the other downward, it is a trans isomer. 
а. cis b. cis с. cis d. trans e. trans f. trans 


Both trans-1,4-dimethylcyclohexane and cis-1-fert-butyl-3-methylcyclohexane have a conformer with two 
substituents in the equatorial position and a conformer with two substituents in the axial position. 


cis-l-tert-Butyl-3-methylcyclohexane will have a higher percentage of the diequatorial-substituted 
conformer because the bulky tert-butyl substituent will have a greater preference for the equatorial posi- 
tion than will a less bulky methyl substituent, since the larger substituent will have greater destabilizing 
1,3-diaxial interactions when it is in an axial position. 


a. CHCH; b. и 
CH; 


СН» 
c. trans-1-Ethyl-2-methylcyclohexane is more stable because both substituents can be in equatorial 
positions. 
one equatorial and one axial in each d. one equatorial and one axial in each 


яв 


both equatorial in one and both axial in the other е. опе equatorial and one axial in each 
с. both equatorial in one and both axial іп the other Ё both equatorial in one and both axial in the other 


a. and b. Solved in the text. 


с. H CH; CH3 H 
CH3 H H CH; 
H H H H 


d. There will be equal amounts of the two conformers at equilibrium because they have the same 
stability—each one has one methyl group on an equatorial bond and one methyl group on an axial 
bond. 


a. One chair conformer of trans-1,4-dimethylcyclohexane has both substituents in equatorial positions, 
so it does not have any 1,3-diaxial interactions. The other chair conformer has both substituents in 
axial positions. When a substituent is in an axial position, it experiences two 1,3-diaxial interactions, 
so this chair conformer has a total of four 1,3-diaxial interactions. 
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Because the 1,3-diaxial interaction between a methyl group and a hydrogen causes a strain energy of 
0.9 kcal/mol, the chair conformer with both substituents in axial positions is 4 X 0.9 = 3.6 kcal/mol 
less stable than the chair conformer with both substituents in equatorial positions. 


a 1,3-diaxial 
interaction 


b. Each of the chair conformers of cis-1,4-dimethylcyclohexane has one substituent in an equatorial 
position and one in an axial position. Therefore, the two conformers are equally stable. 


52. Both condensed and skeletal structures are shown. 
CH; 
| 
a. CH3;CH,CHOCCH; d. CH3CHCH>CH>Br 
| | | 
CH; СН» CH; 
" ДА 
did pd ч 
CH; 
| 
b. CH3CHCH»CH»CH»CH»,OH е. СНСН» 
| 
CH; CH4CH;CH;CH;CHCH;CH;CH;CHs 
CH;CH5 
с. CH4CH;CHNH; f. CH4CHN 
| 
СН» СН»СН» 
did „© N N =ч. 
NH; а 
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g. CH4CH;CH,CHCH;CH;CH, 
CH3CCH; 
CH; 


NL 
P pU Um OR 


Br 
В. CH3CHCH;CH;CCH;CH;CH3 
| | 


СН» Вг 


Вг Вг 


СН3ЗСНСНСН»СН›СН+ 


OCH;CH; 


ОЕ 


ОН 
53. oe > dii d > 
O OH 


CH3;CH)CH CH CHCH,CH>CH>CH; 


CHCH; 


CHCH; 


CH; 


j. 


CH; 
| 
К. (CH3;CH»CHCHCH»CH>CH>CH;3 
| 


CH; 


CH4CHCH; 
l. CH4CH;CH;CHCH;CH;CH;CH;CH; 


has two groups that 
form hydrogen 
bonds 
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O is more 
electronegative 
than N, so OH 
hydrogen bonds 
are stronger than 

NH hydrogen 
bonds 


NH, 

primary amines relatively weak no hydrogen bonds; 

form stronger hydrogen bonds only dipole-dipole 
interactions 


hydrogen bonds 
than secondary 
amines 


| pu 
we LU S 


no dipole-dipole 


no hydrogen bonds; 
interactions 


weaker dipole-dipole 
interactions than 
oxygen-containing 
compounds because 
N is less electro- 
negative than O 


54. 


55. 


56. 


57. 


58. 
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a. 
1. 2,2,6-trimethylheptane 7. 3-ethoxyheptane 
2. 5-bromo-2-methyloctane 8. 1,3-dimethoxypropane 
3. 5-methyl-3-hexanol 9. N,N-dimethylcyclohexanamine 
4. 3,3-diethylpentane 10. 3-ethylcyclohexanol 
5. 5-bromo-N-ethyl-1-pentanamine 11. 1-bromo-4-methylcyclohexane 
6. 2,3,5-trimethylhexane 
b. | 
1. 5. Br N 9. Cy 
H 
ju MG 
2. Салаа наташа» 6. сынынын 10. 
Вг CH, 
OH 
OH 
3. Pew 7. di es 11. IT 
О Вг 


4. КАЎ ВОИ 


C and D are cis isomers. (In С both substituents are downward pointing; іп D both substituents are upward 
pointing.) 


a. L3 2.4 b 1.6 2.5 с. 1.3 3.4 


The first conformer (A) is the most stable because the three substituents are more spread out, so its gauche 
interactions will not be as large—the Cl in A is between a CH; and an H, whereas the Cl in B and C is 
between two CH; groups. 


CH; CH; 
| | 

а. @ b. CH;C— CCH; с. CH4CHCH;CHCH; 
| | | | 
CH; СН; CH, CH; 
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59. 


60. 


61. 


62. 


63. 
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b. 


љоро 


Hydrogen bonding increases its solubility in water. 
De oe e 
H—O:--H—O:--H—O 
ЖЬ. 
н—О:--Н—О:--Н—О 
СН. CH; CH; 
| | | 
H—O:--H—O:--H—O: 


a. 


2-butanamine 
2-chlorobutane 
N-ethyl-2-butanamine 
]-ethoxypropane 
2-methylpentane 


1-bromohexane (larger, so greater surface 
area) 

pentyl chloride (greater surface area than 
the branched compound) 

]-butanol (fewer carbons) 

]-hexanol (forms hydrogen bonds) 

hexane (greater area of contact) 

1-pentanol (forms hydrogen bonds) 


СН; CH, H 
H H СН; 
H H 


H 


f. 


g. 


H 


2-propanamine 
2-bromo-2-methylbutane 
4-methyl-1-pentanol 
bromocyclopentane 
cyclohexanol 


1-bromopentane (bromine larger and more 
polarizable) 

butyl alcohol (forms hydrogen bonds) 
octane 

isopentyl alcohol (forms stronger hydrogen 
bonds) 

hexylamine (primary amines form stronger 
hydrogen bonds than do secondary amines) 


CH, 


The one on the right would predominate at equilibrium because it is more stable since both methyl 


groups are in equatorial positions. 


CH; ri H CH, 
H H H H 
H CH; CH; H 
H H H H 


There would be equal amounts of each one at equilibrium, because they have the same stability since 
each conformer has one methyl group in an equatorial position and one methyl group in an axial position. 


Ansaid is more soluble in water. It has a fluoro substituent that can form a hydrogen bond with water. 
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64. The student named only one compound correctly. 
a. 2-bromo-3-pentanol g. correct 
b. 4-ethyl-2,2-dimethylheptane h. 2,5-dimethylheptane 
c. 3-methylcyclohexanol i. 5-bromo-2-pentanol 
d. 2,2-dimethylcyclohexanol j.  3-ethyl-2-methyloctane 
e. 5-(2-methylpropyl)nonane К. 2,3,3-trimethyloctane 
f. l-bromo-3-methylbutane 1. 5-methyl-N, N-dimethyl-3-hexanamine 


65. All three compounds are diaxial-substituted cyclohexanes. B has the highest energy. Only B has a 
1,3-diaxial interaction between СН» and Cl, which will be greater than a 1,3-diaxial interaction between 
CH; and Н or between С! and Н. 


66. The only one is 2,2,3-trimethylbutane. 


jar 
CH3C — CHCH; 
| 


68. First draw the structure, so you know what groups to put on the bonds in the Newman projections. 


3 4 
CH; "a CH; — CH, — CH; — CH; 


СН» 
[ih үк 
а. СНСН» b. CHCH, CHCH; 
H H 
H 
H 
H H H H 
CH35CH5 
most stable least stable 


c. Rotation can occur about all the C—C bonds. There are six carbon-carbon bonds in the compound, so 
there are five other carbon-carbon bonds, in addition to the C4 — C4 bond, about which rotation can occur. 
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d. Three of the carbon-carbon bonds have staggered conformers that are equally stable because each is 
bonded to a carbon with three identical substituents. 


| | 


CH; —CH— CH; — CH; — CH; — СН; 


—> 
CH; 
69. СН+СН»›СН»СН»СН»Вг а. l-bromopentane primary alkyl halide 
b. pentyl bromide 
"А ын. a. 2-bromopentane secondary alkyl halide 
Br b. nocommon name 
CH3CH2CHCH>CH3 а. 3-bromopentane secondary alkyl halide 
k b. по common name 
CH3 a. l-bromo-3-methylbutane primary alkyl halide 
| b. isopentyl bromide 
CH3CHCH5CH3Br 
т a. l-bromo-2-methylbutane primary alkyl halide 
b. nocommon name 
CH3CH5CHCH3Br 
Br a. 2-bromo-2-methylbutane tertiary alkyl halide 
| b. tert-pentyl bromide 
CHCH;CCH 
| 
CH; 
Br a. 2-bromo-3-methylbutane secondary alkyl halide 
| b. по common name 
CH;CHCHCH; 
| 
СН» 
ы a. 1-bromo-2,2-dimethylpropane primary alkyl halide 
b. по common name, but in older 
ла literature the common name 
CH; neopentyl bromide is used. 
c. Fourisomers are primary alkyl halides. 


d. Three isomers are secondary alkyl halides. 

e. Oneisomer is a tertiary alkyl halide. 
70. a. butane f. 6-chloro-4-ethyl-3-methyloctane 

b. 1-ргорапој g. l-methoxy-5-methyl-3-propylhexane 

с. 5-propyldecane В. 2,3-dimethyl-6-(2-methylpropyl)decane 

d. 4-propyl-1-nonanol i. 8-methyl-4-decanamine 

e. 2-methyl-5-( I-methylethyl)octane j  I-methyl-2- (2-methylpropyl)cyclohexane 
71. a. 


p x onm 


Н.С 
more stable CH; CH)CH3 
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b. CH(CH3); 
CH(CH3); 
more stable CH2CH3 
с СН» 
CH3 
more stable CH)CH3 
CH,CH, CECH) CH, CH, 
equally stable 
е. же ы. VA 
(CH3)2CH (CH3)2CH CH2CH3 


more stable 


f. с. сны А 


(CH3)2CH more stable CH2CHs 
72. Alcohols with low molecular weights are more water soluble than alcohols with high molecular weights 
because, as a result of having fewer carbons, they have a smaller nonpolar component that has to be dragged 
into water. 
73. a. 


> 
20 
2 
m 
= 
5 
© 
2 
| 1.2 
шо kcal/mol 
0° 120° 240° 360° 
Dihedral Angle 
b. Cl с. 1.2 + 5.2 = 64 kcal/mol d. 1.2 + 9.3 = 10.5 kcal/mol 
H H 
H H 


CI 
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74. 


79. 


76. 


77. 
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The most stable isomer is the one that has a conformer with both substituents in equatorial positions. Using 
the following structure, you can determine easily the isomer that has both substituents in axial positions. 
That will be the isomer that has both groups in equatorial positions. 


a. The cis isomer of a 1,3-disubstituted compound is the most stable isomer. It has a conformer with both 
substituents in axial positions, so its other conformer has both groups in equatorial positions. 


b. The trans isomer of a 1,4-disubstituted compound is the most stable isomer. It has a conformer with 
both substituents in axial positions, so its other conformer has both groups in equatorial positions. 


c. The trans isomer of a 1,2-disubstituted compound is the most stable isomer. It has a conformer with 
both substituents in axial positions, so its other conformer has both groups in equatorial positions. 


Six ethers have the molecular formula = СНО. 
CH30CH,CH»CH CH; CH3CHCH,CH; CH3CH2,0CH2CH2CH3 


| 
ОСН; 


Pt з d ари ти. ЗЫ 


1-methoxybutane 2-methoxybutane ]-ethoxypropane 

butyl methyl ether sec-butyl methyl ether ethyl propyl ether 
СН» 
| 

CH3CHCH; ч кышын 
ОСН»СН» СН» СН» 
o^ ~ О pU ON 
2-ethox ypropane 2-methoxy-2-methylpropane 1-methoxy-2-methylpropane 
ethyl isopropyl ether tert-butyl methyl ether isobutyl methyl ether 


The most stable conformer has two CH; groups in equatorial positions and one in an axial position. 
(The other conformer would have two CH; groups in axial positions and one in an equatorial position.) 


СН» 
== 
СН» 
a. N-methyl-6-methyl-3-heptanamine d. 2,3-dimethylpentane 
b. 3-ethyl-2,5-dimethylheptane e. 5-butyl-3,4-dimethylnonane 
c. 1,2-dichloro-3-methylpentane f. 5-butyl-3,3,9-trimethylundecane (undecane 


is an 11 carbon straight-chain hydrocarbon). 


78. 


79. 


80. 


81. 


82. 
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One chair conformer of trans-1,2-dimethylcyclohexane has both substituents in equatorial positions, so it 
does not have any 1,3-diaxial interactions. However, the two methyl substituents are gauche to one another 
(as they would be in gauche butane), giving it a strain energy of 0.87 kcal/mol. 


CH a gauche 
ДГ у interaction 


The other chair conformer of trans-1,2-dimethylcyclohexane has both substituents in axial positions. 
When a substituent is in an axial position, it experiences two 1,3-diaxial interactions. This chair conformer, 
therefore, has a total of four 1,3-diaxial interactions. Each diaxial interaction is between a СН» and an Н, 
so each results in a strain energy of 0.87 kcal/mol. Therefore, this chair conformer has a strain energy of 
3.48 kcal/ mol (4 X 0.87 — 3.48). 


a 1,3-diaxial 
interaction 


1,5-hexanediol 

6-bromo-2-hexanol 
4-ethyl-3-methylcyclohexanol 
4-bromo-1-ethyl-2-methylcyclohexane 


5-methyl-3-hexanol 
1-bromo-2-propylcyclopentane 
2-methyl-3-pentanol 
5-bromo-2-methyloctane 


во Рю 
него 


а. 1-Hexanol has a higher boiling point than 3-hexanol because the alkyl group in 1-hexanol can better 
engage in van der Waals interactions, because the OH group of 3-hexanol makes it more difficult for its 
six carbons to lie close to the six carbons of another molecule of 3-hexanol. 


b. Thefloppy ethyl groups in diethyl ether make it difficult for the water molecules to approach the oxygen 
in order to engage in hydrogen bonding. Therefore, it is less soluble in water than is tetrahydrofuran in 
which the alkyl groups are pinned back in a ring. 


One of the chair conformers of cis-1,3-dimethylcyclohexane has both substituents in equatorial positions, 
so there are no unfavorable 1,3-diaxial interactions. The other chair conformer has three 1,3-diaxial inter- 
actions, two between a CH; and an H and one between two CH; groups. 

We know that a 1,3-diaxial interaction between a СН» and an Н is 0.87 kcal/mol. Subtracting 1.7, for 
the two interactions between a CH; and an H, from 5.4 (the energy difference between the two conformers) 
results in a value of 3.7 kcal/ mol for the 1,3-diaxial interaction between the two CH; groups. 


CH, 
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84. 


85. 
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Because bromine has a larger diameter than chlorine, one would expect bromine to have a greater prefer- 
ence for the equatorial position as would be indicated by a larger AG^. However, Table 9 indicates that it 
has a smaller АС”, indicating that it has less preference for the equatorial position than chlorine has. The 
C—Br bond is longer than the C—CI bond, which causes bromine to be farther away than chlorine from 
the other axial substituents. Apparently, the longer bond more than offsets the larger diameter. 


а. 7-bromo-6-ethyl-5-decanol 
b. 5-chloro-3-ethyl-2,7-dimethyInonane 
c. 7,7-dimethyl-3-nonanol 


Problem 78 shows that the energy difference between the two chair conformers is 2.61 kcal/mol. 
To calculate the equilibrium constant needed to answer the question, see Problem 22a. 


AG? — —2.61 kcal/mol 
AG? = -RT In Keg 


—2.61 kcal/mol = —1.986 X 1073 kcal/mol К X 298 К X In K, 
—2.61 kcal/mol = —0.5918 kcal/mol In Кеа 
In Ка = 441 
both equatorial А 
= Т Е Е 
percentage of molecule both equatorial 82.3 
with both groups in = а а Бош а х 100 = тач х 100 = 98.8% 


equatorial positions 


The conformer on the left has two 1,3-diaxial interactions between a CH; and an H (2 X 0.87 kcal/mol) 
for a total strain energy of 1.7 kcal/mol. 


Н-------- СН 
д> 
СН; 
СН; 


The conformer on the right has three 1 ,3-diaxial interactions, two between a CH; and ап Н (1.7 kcal/mol) 
and one between two CH; groups (3.7 kcal/mol; see Problem 82) for a total strain energy of 5.4 kcal/mol. 
Therefore, the conformer on the left will predominate at equilibrium. 
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Practice Test 


Name the following compounds 


bh COS ew ш 


e Qe) зы eee” 


Using Newman projections, draw the following conformers of hexane considering rotation about the 
Сз — C, bond: 


a. the most stable of all the conformers 
b. the least stable of all the conformers 


c. agauche conformer 


What are the common and systematic names of the following compounds? 


a. CH3CH;CHCH; b. CH4CHCH;CH;CH5;0H c. 
| фи 
Cl СН» Вг 


Label the three compounds in each set in order from highest boiling to lowest boiling. 


a. CH;CH,CH,CH,CH,Br CH4CH5CH5Br CH5CH5CH5CH5Br 
b. CH4CH;CH;CH;CH4 CH4CH;CH;CH50H CH4CH;CH;CH;CI 
CH, CH; 


c. СНС CCH;  CH4CH;CH;CH;CH;CH;CH;CHs син 
СН; СН; СН; 


Name each of the following compounds: 


a. CH;CHCH,CH,CHCH,CHs с. Pas 
CH; OH Br CH; 


CI 
| 
b. CH4CH;CHOCH;CH; d. CH,CHCHCH;CH;CH;CI 
CH;CH;CH;CH; CH;CH, 
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6. Draw the other chair conformer for the following compound: 
H 
Br H 
СН» 
7. Which is more stable, cis-1-isopropyl-3-methylcyclohexane or trans-1-isopropyl-3-methylcyclohexane? 


8. Which of the following has: 


the higher boiling point: diethyl ether or butyl alcohol? 

the greater solubility in water: 1-butanol or 1-pentanol? 

the higher boiling point: hexane or isohexane? 

the higher boiling point: pentylamine or ethyImethylamine? 
the greater solubility in water: ethyl alcohol or ethyl chloride? 


РЕОРРЕ 


9. What аге the common and systematic names of the following compounds? 


a. СН.СНСН.СН.Вг b. CH;CHCH,CH,OH c. CH,;CHCH,CH)NH> 


| | | 
CH; CH, CH; 


10. Draw the more stable conformer of: 


а. cis-1-sec-butyl-4-isopropylcyclohexane 
b. trans-1-sec-butyl-4-isopropylcyclohexane 
c. trans-1-sec-butyl-3-isopropylcyclohexane 


11. Draw the structure for each of the following: 


а secondary alkyl bromide that has three carbons 


a. 
b. asecondary amine that has three carbons 


о 


an alkane with no secondary hydrogens 


= 


a constitutional isomer of butane 


e. three compounds with molecular formula C,H,O 


12. Name the following compounds: 

a. CH4CHCH;CH;CHCH; d. Br CI 
m — (T 
OH CH; 

b. Ex IM EE e. CH3CH;CH;CHCH;OCH;5CH;CH;CHs 

сн, 

с. CH4CHCH;CHCH;CH;CH; f. CH4CH;CHNHCH;CH;CHCH;CH; 

а оон бн, 
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Answers to Practice Test 


a. 3-methyloctane b. 2-methyl-1-heptanol c. 3-octanol 
СЊСНз 
а. CH2CH3 b. CHCH) CHCH} с. CH3CH, H 
Ta jos 
H H H 
H H H H H 
CH2CH3 
a. sec-butyl chloride, 2-chlorobutane c. cyclopentyl bromide, bromocyclopentane 
b. isohexyl alcohol, 4-methyl-1-pentanol 
a. CH3CH;CH;CH;CH,Br CH3CH,CH,Br CH3CH,CH,CH.Br 
1 3 2 
b. CH43CH;CH;CH;CHs CH;CH,CH,CH,OH CH3CH,CH,CH,Cl 
3 1 2 
ju 
c. M CH3CH;5CH;CH;CH;CH;CH;CHs по а aca 
CH; CH; 1 сњ 2 
3 
а. 6-methyl-3-heptanol с. l-bromo-3-methylcyclopentane 
b. 3-ethoxyheptane d. 1,4-dichloro-5-methylheptane 
H 
H СН» 


Вг 
cis-1-isopropyl-3-methylcyclohexane 


a. butyl alcohol c. hexane 


b. 1-butanol d. pentylamine 


a. isopentyl bromide b. 
1-bromo-3-methylbutane 


isopentyl alcohol с. 
3-methyl-1-butanol 


e. ethyl alcohol 


isopentylamine 
3-methyl-1-butanamine 
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10. a. 
с. 
11. a. 
b. 
с. 


12. а. 
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i fe 
m 

CHCH 

CH; 

CH; 
CHCH 
Pan CHCH;CH; 

m 

CH3CHCH; d. CH4CHCH; 

5 си: 
CH,CH,NHCH, 

CH; 

CH4CHCH, or са ог СН, 

бн, бн, 


2,5-dimethylheptane 
7-bromo-2-heptanol 


2-chloro-4-heptanol 


ү ud E res 
One | 


CH, 
CH, 


e. CH3CH2CH2,0OH | 
CH; 


CH; CH; 


| | 
or CH,C— CCH; 


| | 
CH; CH; 


d. 4-bromo-2-chloro-1-methylcyclohexane 


e. 1-butoxy-2-methylpentane 


f. 3-methyl-N-propyl-1-pentanamine 


CH3CHOH 


CH3CH,0CH3 
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Important Terms 


achiral a molecule or object that contains an element (a plane or a point) of symmetry; an 
achiral molecule is superimposable on its mirror image. 


amine inversion results when a compound containing an sp? hybridized nitrogen with a lone pair 
rapidly inverts. 


asymmetric center an atom that is bonded to four different substituents. 

chiral a chiral molecule has a nonsuperimposable mirror image. 

chiral probe something capable of distinguishing between enantiomers. 

chromatography a separation technique in which the mixture to be separated is dissolved in a solvent 


and the solution is passed through a column packed with an adsorbent stationary phase. 


cis isomer the isomer with substituents on the same side of a cyclic structure, or the isomer 
with the hydrogens on the same side of a double bond. 


cis-trans isomers isomers that result from not being able to rotate about a carbon-carbon double bond. 


configuration the three-dimensional structure of a chiral compound. The configuration at a 
specific atom is designated by R or S. 


configurational isomers stereoisomers that cannot interconvert unless a covalent bond is broken. Cis-trans 
isomers and isomers with asymmetric centers are configurational isomers. 


constitutional isomers molecules that have the same molecular formula but differ in the way the atoms 
(structural isomers) are connected. 
dextrorotatory the enantiomer that rotates the plane of polarization of plane-polarized light in a 


clockwise direction (+). 


diastereomers stereoisomers that are not enantiomers. 

enantiomerically pure only one enantiomer is present in an enantiomerically pure sample. 

enantiomeric excess how much excess of one enantiomer is present in a mixture of a pair of enantiomers, 
(optical purity) expressed as a percentage. 

enantiomers nonsuperimposable mirror-image molecules. 

erythro enantiomers the pair of enantiomers with similar groups on the same side (in the case of stereo- 


isomers with adjacent asymmetric centers) when drawn in a Fischer projection. 


From Chapter 4 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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Fischer projection 


isomers 


levorotatory 


meso compound 


observed rotation 
optically active 
optically inactive 


optical purity 
(enantiomeric excess) 


perspective formula 


plane-polarized light 
plane of symmetry 


polarimeter 


polarized light 
racemic mixture 
(racemic modification, 


racemate) 


R configuration 


resolution of a racemic 
mixture 
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a method of representing the spatial arrangement of groups bonded to an asymmet- 
ric center. The asymmetric center is the point of intersection of two perpendicular 
lines; the horizontal lines represent bonds that project out of the plane of the paper 
toward the viewer, and the vertical lines represent bonds that project back from the 
plane of the paper away from the viewer. 


nonidentical compounds with the same molecular formula. 


the enantiomer that rotates the plane of polarization of plane-polarized light in a 
counterclockwise direction (—). 


a compound that possesses asymmetric centers and a plane of symmetry; it is achi- 
ral, because it has a plane of symmetry. 


the amount of rotation observed in a polarimeter. 

rotates the plane of polarization of plane-polarized light. 

does not rotate the plane of polarization of plane-polarized light. 

how much excess of one enantiomer is present in a mixture of a pair of enantiomers. 
a method of representing the spatial arrangement of groups bonded to an asym- 
metric center. Two adjacent bonds are drawn in the plane of the paper; a solid 
wedge depicts a bond that projects out of the plane of the paper toward the viewer, 
and a hatched wedge depicts a bond that projects back from the paper away from 
the viewer. 

light that oscillates in a single plane. 


an imaginary plane that bisects a molecule into pieces that are a pair of mirror images. 


an instrument that measures the rotation of the plane of polarization of plane- 
polarized light. 


light that oscillates in only one plane. 


a mixture of equal amounts of a pair of enantiomers. 


after assigning relative priorities to the four groups bonded to an asymmetric center, 
if the lowest-priority group is on a vertical axis in a Fischer projection (or pointing 
away from the viewer in a perspective formula), an arrow drawn from the highest- 
priority group to the next highest-priority group and then to the next highest priority 
group goes in a clockwise direction. 


separation of a racemic mixture into the individual enantiomers. 


S configuration 


specific rotation 


stereocenter 
(stereogenic center) 


stereoisomers 


threo enantiomers 


trans isomer 
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after assigning relative priorities to the four groups bonded to an asymmetric cen- 
ter, if the lowest-priority group is on a vertical axis in a Fischer projection (or 
pointing away from the viewer in a perspective formula), an arrow drawn from 
the highest-priority group to the next highest-priority group and then to the next 
highest priority group goes in a counterclockwise direction. 


the amount of rotation that will be observed for a compound with a concentration 
given in grams per 100 mL of solution (or g/mL if it is a pure liquid) in a sample 


tube 1.0 dm long. 


an atom at which the interchange of two groups produces a stereoisomer. 


isomers that differ in the way the atoms are arranged in space. 


the pair of enantiomers with similar groups on opposite sides (in the case of stereo- 
isomers with adjacent asymmetric centers) when drawn in a Fischer projection. 


the isomer with substituents on the opposite sides of a cyclic structure, or the isomer 
with the hydrogens on the opposite sides of a double bond. 
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Solutions to Problems 


1. a. СЊСЊСЊОН CH3;CHOH СЊСЊОСН 
бн, 
b. There are seven constitutional isomers with molecular formula С.Н\оО. 
СН» 
CH3CH,CH,CH,OH СНзСНСН›ОН дн вн СН3СНСН»СН» 
T б, On 


CH;CHLOCH;CH, -CH;OCH,CH,CH, сани 


СН; 
CH; CH 
2. a. Br < у Вг уа Ь. p» 
CH,CH, CH,CH, 
3. а. land3 
b. 1. HC CH CHCH; H;C H 3. HC CH; HC H 
\ / \ / X / N / 
с=с с=с с=с с=с 
/ \ / À / \ / X 
H H H СН»СН»СН» н H H СН» 
cis trans cis trans 
4 L „Зы мые m B. wes OF X 
trans trans cis 
cis 
x d de d. ou E 
D — 
5. CH3CH,CH,CH— СН, CH3C = CHCH; CH3CH,C— CH) 
6. Only C has a dipole moment of zero, because the bond dipoles cancel since they are in opposite directions. 
H Cl 
E / "d 
C=C 
a ^g 
7. a, b, c, f, and h are chiral. 


d, e, and g are each superimposable on its mirror image. These, therefore, are achiral. 


8. а, с, and f have asymmetric centers. 
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9. Solved in the text. 


10. a, c, and f, because in order to be able to exist as a pair of enantiomers, the compound must have an asym- 
metric center (except in the case of certain compounds with unusual structures; see Problem 86). 


11. a. It has one asymmetric center. 
b. It has three stereocenters. 


12. Draw the first enantiomer with the groups in any order you want. Then draw the second enantiomer by 
drawing the mirror image of the first enantiomer. Your answer might not look exactly like the ones shown 
below because the first enantiomer can be drawn with the four groups on any of the four bonds. The next 


one is the mirror image of the first one. 


а. 1. CH; CH; 2. (кши 
| | 
C. Es с. 
Br V^CH;OH HOCH “Вг CH,CH; V “Сн; 
H H H 
3. "a (н 
С. Ке 
Ann eU ~ 
(CHCH \ “CH3 CH; / ~CH(CH3)2 
3)2 H М 
b. 1. CH; CH; 2; СН»СН»С1 
вн в на, CH; 
CH,OH CH,OH CH;CH; 
3 СН» СН» 
нон H —|—он 
CH(CH3)2 CH(CH3)? 
13. Solved in the text. 
14. a. — CHOH — CH; —H — CH,CH,0H 
b =; СЊВг — OH E СН» = СНОН 
с. —CH(CH;))  —CH;CHjBr —Cl  —CH,CH,CH,Br 
d. — CH= СН» == СН»СН» 


wt © 


attached only 


(2) 


forms 2 bonds to attached to 


C, so considered je forms 3 bonds to to Hs 
to be attached C, so considered 
to 2 Cs to be attached 


to 3 Cs 


CH;CH;CI 
| 


„С 
CH; / ~CH;CH, 
H 


CH;CH;CI 
H 
СНСН; 
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15. a. Solved in the text. 

b. К 

c. To determine the configuration, first add the fourth bond to the asymmetric center. Remember that it 

cannot be drawn between the two solid bonds. (It can be drawn on either side of the solid wedge.) 
а са А 
ч 
R 

d. К. 
16. а. 5 b. К с. 5 9. 5 
17. The easiest way to determine whether two compounds are identical ог enantiomers is to determine their 

configurations: If both are R (or both are 5), they are identical. If one is К and the other is 5, they аге 

enantiomers. 

а. identical b. enantiomers c. enantiomers d. enantiomers 
18. a. i b. | 

С... С... 
cach \ Н cach, МН 
CH; CH>Br 
19. a. Solved in the text. b. COO- Г 
нен Сан 
СН» 
СН›СН» СН›СНз 
20. а. levorotatory b. dextrorotatory 
21. spaclneromion = келе rotation (degrees) 
concentration (g/100 mL) x length (dm) 
+13.4° +13.4° 
[0] = 7 2 = 1 = +1.68 
E x2dm 
100 mL 

22. a. —24 b. 0 
23. a. 0 (It is aracemic mixture.) 


b. 50% of the mixture is excess (+)-mandelic acid. 


observed specific rotation 


optical purity = 0.50 = 
Р о. specific rotation of the pure enantiomer 


observed specific rotation 
+158 


0.50 = 


observed specific rotation = +79 


c. 50% of the mixture is excess (—)-mandelic acid. 
observed specific rotation = —79 (For the calculation, see part b.) 
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24. a. From the data given, you cannot determine the configuration of naproxen. 
b. 97% of the commercial preparation is (+)-naproxen; 3% is a racemic mixture. Therefore, the 
commercial preparation forms 98.5% (+)-naproxen and 1.5% (—)-naproxen. 


25. Solved in the text. 
26. As a result of the double bond, the compound has a cis isomer and a trans isomer. Because the compound 


also has an asymmetric center, the cis isomer can exist as a pair of enantiomers and the trans isomer can 
exist as a pair of enantiomers. 


үш CHCH; 
| 3 
С. 
AUNT \ 
Br \ CH. СН» Н.С СН» l Br 
H N 
с=с ÇC H 
H H H H 
cis enantiomers 
| CH»CH3 
с... < 
Br “CH2 H H CH; { ~ 
He” c EN a "d Be 
KU / \ 
H СН» CH; H 
trans enantiomers 
27. a. This statement is correct. Although there are many examples where there would be fewer than 2” 


stereoisomers (for example, trans-2-butene has two stereocenters but only two stereoisomers, there are 
no situations where there will be more than 2” stereoisomers). 

b. This statement is not correct. For example, the compound in Problem 26 has one asymmetric center 
(therefore, 2" = 2), but the compound has four stereoisomers. 


28. a. enantiomers 
b. identical compounds (Therefore, they are not stereoisomers.) 


c. diastereomers 


29. a. Find the sp? carbons that are bonded to four different substituents; these are the asymmetric centers. 
Cholesterol has eight asymmetric centers. They are indicated by arrows. 


CH; 


b. 2° = 256 
Only the stereoisomer shown above is found in nature. 
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30. 


31. 
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Your perspective formulas may not look exactly like the ones drawn here because you can draw the first 
one with the groups attached to any bonds you want. Just make certain that the second one is a mirror 
image of the first one. 


a. Leucine has one asymmetric center, so it will have two stereoisomers. 


COO- COO- COO- COO- 
„Сш ote or H NH; HN H 
(CH);CHCH, № н. са ВЕНЕВ СН›СН(СН›)› CH;CH(CH3); 
5 R R 5 


b. Isoleucine has two asymmetric centers, so it has four stereoisomers. Again your perspective formu- 
las may not look exactly like the ones drawn here. To make sure you have all four, determine the 
configuration of each of the asymmetric centers. You should have R,R, 5,5, R,S, and S,R. Notice that 
the asymmetric centers in the mirror image have the opposite configurations. 


bunc! „Н H, к СОО” СОО" 
+ „C—C CH HBC~c— c’, a H NH, R HN H 5 
HN 7 b A \“NH3 or : 5 
H CHCH; | СЊСЊ H H СН; R CH; HS 
S S R R 
CHCH; CHCH; 
-OOC H H, я“ СОО" СОО" 
ссн; НСА“ + M 
н’7 / УН H NH; R НМ H 5 
H3N СН›СНз CH3CH2 *NH3 СН; H 5 H CH; R 
R S m x CH;CH; CH;CH; 


B and D have no symmetric centers. 


A and C each have one asymmetric center. 
A С 


Е has two asymmetric centers. 
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CH3 СН» 
32. а. H3C Н H CH 
Хосон Но а= нок Н cl 5 
a TN Уе Сс 
H СЊСЊСН _ CH;CH;CH; Н HO——HS$ H OH R 
i : & n CH2CH2CH3 CH;CH;CH; 
or 
CH3 CH3 
H3C H H, CH; 
р ОН Нох: H—— cas а H R 
н С еш. "H 
CI CH2CH2CH3 CH3CH5CH; Cl HO—T—H 5 H OH R 
dii ae CH;CH;CH; CH;CH;CH; 
К CH; сн, 
H—T—Br 5 Br——H R 
Be С Br С пе а к 
чы ч. к = H—T—CI R С-Н S 
| " : i ör СН›СН» CH;CH; 
Bt Cl Br Cl СН; CH; 
Ре 9 р у ү НТ Br S Вг Н А 
$ $ R R НН НН 
СІ —[L—H 5 нрав 
CH;CH; CHCH; 
CH3 CH3 
с. НС H H, CH; а ae ш К 
“с ССРИНЕ И 
H CH CH; CH3CH; H 
в S в 5 CH2CH3 CHCH; 
or 
CH; СН» 
H 
H 5 H CH 
Pa el С. ТЗ Н Cs а НЕ 
Bor re С— Сен 
Cl CH2CH3 CH3CH, Cl Cl HS H СІ А 
diii Erst CHCH; CHCH; 
d. | и 
27 "Ңң HEN 
CH;CH; V / CHCH; 
Br Br 
5 R 
or 
CH,CH)Br CH,CH,Br 
Br H H Br 
CH CH, CH,CH, 
$ R 


33. 


34. 


35. 


36. 


37. 


38. 


39. 
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R 5 
он но 
5\ 


В, Қ 
СН, CH3 


trans-2-methylcyclohexanol 


CH3 CH3 


а а 


1-chloro-1-methylcyclooctane ^ cis-l-chloro-5-methylcyclooctane _trans-1-chloro-5-methylcyclooctane 
There is more than one diastereomer for a, b, and d; c has only one diastereomer. 
To draw a diastereomer of a, b, or d, switch any one pair of substituents bonded to one of the asymmetric 


centers. Because any one pair can be switched, your diastereomer may not be the one drawn here, unless 
you happened to switch the same pair that is switched here. 


a. CH; с. НС H 
Xue 
H OH ее. 
H CH; 
HO H 
CH; 
hk а H d. HO 


К CH 
Ne—c=cl KE T 
н“ 
/ \ 
CHCH) СН; 


A = identical B = enantiomer C = diastereomer D = identical 


B, D, and F because each has two asymmetric centers and the same four groups bonded to each of the 
asymmetric centers. 

A has two asymmetric centers but it does not have a stereoisomer that is a meso compound, because it does 
not have the same four groups bonded to each of the asymmetric centers. 

C and E do not have a stereoisomer that is a meso compound, because they do not have asymmetric 
centers. 


Solved in the text. 


a. |“ ER СН,Вг CH3Br 
—C., uer or "—— on, cmu 
BrCH, | Н H'/ ^CHjBr 
CH; CH; CHCH; CHCH; 
R S R S 
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CH>CH3 СЊСНз CH;CH5CI CH;CH;CI 
| | 
2S. SC or H СНз CH3 H 
\“H H`/ `СН›СН›С1 
а“ CH; CH; CH;CH; CHCH; 
R S R 5 


i 


CH3CHCH20H Мо stereoisomers, because the compound does not have an asymmetric center. 


CH>CH; CHCH; СНОН СНОН 
| | 
С... Me or H Br Br H 
Hocf A Н H"/ “CHOH 
? Br Br CHCH; CHCH; 
R S R 5 
ЈИ 
СЊСЊССЊСНа Мо stereoisomers, because the compound does not have an asymmetric center. 
| 
Cl 
CH; CH; 
HC, H H, CH; НО Н А H—,—OH S 
сс Br Bcc, Br——H $S H—+—Br А 
s N “ ~ ОН 
HO' 7 СН 
H СН; 3 H 
СН» СН» 
R S R S 
ог 
CH СН 
НС H „CH3 3 3 
"me с pes Cag H OHS HO HR 
~ 
НО CH, СН; ОН 
$ $ в R Вг H 5 Н Br R 
CH; CH; 
CH;CH; 
H Cl 5 
CHCH Cl 
сс Н H Cl R 
H" / IN or 
CI CH2CH3 CH;CH; 
S К 
a meso compound a meso compound 
CH;CH; CH;CH; 
CHCH н H, сна H—+—cIS а Н А 
“о —с=а Clo” 
н" \ VH CI——H 5 H CI R 
al CH2CH3 CHCH, Cl 
S 5 R К CH2CH3 CH CH; 
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` AL 
R S 
a meso compound 
Cl Cl 
R R 
i. 
Cl Cl 
$ R 
Cl Cl 
$ $ 
1. 
С1 С1 
К. 
Cl 
Cl 
1. 
Cl 
m. 
Cl Br 
п. Вг 
а 
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cl 


Cl 


or 


CH; 


a meso compound 
(it has a plane of 


symmetry) 


or 


The cis stereoisomer is 
a meso compound. 


The cis stereoisomer is 
a meso compound. 


CH; CH; 
cls H CIS CI HR 
H H H H 
CIR Cl HS H CI R 
CH; СН; 
СН; СН; 
H as a Н R 
H H H H 
H COR а HS 
CH;CH;CH; CH;CH;CHs 
CH; CH; 
H—+—Cl 5 CI—+—HR 
H——H н ——H 
CI—L—H $ H—+—CIR 
CH;CH;CH; CH;CH;CH; 


This compound does not have any asymmetric centers, 
so it has only cis-trans isomers. 


CI 


This compound does not have any asymmetric 
centers, so it has only cis-trans isomers. 
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40. and 41. How to draw perspective formulas for compounds that have two asymmetric centers is described in 
the text. 


a. CH5CI СНС 
Н ОН НО Н 
Н Cl Cl H 
СЊСНз CH2CH3 
(2S,3R)-1,3-dichloro-2-pentanol (2R,3S)-1,3-dichloro-2-pentanol 
CH;CI CH3;CI 
H OH HO H 
Cl H H Cl 
CH2CH3 CH2CH3 
(28,35)-1,3-dichloro-2-pentanol (2R,3R)-1,3-dichloro-2-pentanol 
b. CICH, Cl Cl CHCl 
aw C Gn 
HO CHCH; CH;CH, OH 


(2S,3R)-1,3-dichloro-2-pentanol (2R,35)-1,3-dichloro-2-pentanol 


ш H H, СН»С1 
ЕЕ) сс СІ а Се... 

"A N и Н 
НО CH5CH3 СЊСЊ ОН 


(2S,3S)-1,3-dichloro-2-pentanol (2R,3R)-1,3-dichloro-2-pentanol 


42. С (ut 


Qe 
\NHCCHCI, 
| 
О 
МО» 
43. Your answer might be correct yet not look like the answers shown here. If you can get the answer shown 


here by interchanging two pairs of groups bonded to an asymmetric center on the structure you drew, then 
your answer is correct. If you get the answer shown here by interchanging one pair of groups bonded to an 
asymmetric center, then your answer is not correct. 


a. Cl b. Br H 
| Nc c> CHCH; 
ZAH H et ^ 
НОСЊСН СЊСНз 3 r 
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44. 


45. 


46. 


47. 


48. 


49. 


50. 


51. 
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с. ње н d. CHBr 
: Ne c CHCHs | 
4 X QA Ug 
Br \ 
НО СН» CHCH; 
a. (3R,4S)-3-chloro-4-methylhexane с. (1R,3S)-3-bromocyclopentanol 
b. (2S,3S)-2-bromo-3-chloropentane d. (2R3R)-2,3-dichloropentane 


The carbon of the COO group is C-1. The first structure is 2R,3S. Therefore, naturally occurring threonine, 
with a configuration of 25,3К, is the mirror image of the first structure. Thus, the second structure is 
naturally occurring threonine. 


a. Solved in the text. 


CH; 
R HO H 
HO X Br 
S H" C m C 
Br «В SN 
Н; СН» 
CH, 
a. Solved in the text. 
b а H а 
c—ç 0H : 
CHE SN ANIN 
CH;CH; E 
OH 


Start by naming the first stereosiomer. Finding that A is 2R,3R allows you to answer both questions. 


а. Ais D-erythrose. b. p-Threose has the opposite configuration at C-2 and the same 
-0 О configuration at C-3. Therefore, С is p-threose. 
2 
С 
Кон 
К он 
СНОН 


Solved in the text. 


We see that the (R)-alkyl halide reacts with НО’ to form the (R)-alcohol. We are told that the product (the 
(R)-alcohol) is (—). We can, therefore, conclude that the (+ )-alcohol has the S configuration. 


(+)-Limonene has the R configuration, so it is the stereoisomer found in oranges. 
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52. Compound A has two stereoisomers, because it has an asymmetric center (at №). 


Compound B does not have stereoisomers, because it does not have an asymmetric center. 


Compound C has an asymmetric center at N but, because of the lone pair, the two enantiomers rapidly 


interconvert, so it exists as a single compound. 


|^ T 
53. | CH3CH—CHCH;CH, CH,—CHCH;CH,CH. СН;С==СНСН; CH;CHCH=CH; 
2 stereoisomers no stereoisomers no stereoisomers no stereoisomers 


[cis and trans] 


CH3CH;C — СН, CH3 CH2CH3 H3C СН» 
no stereoisomers no stereoisomers no stereoisomers 3 stereoisomers 
[Cis is a meso compound. ] 
СН» [Trans is a pair of enantiomers.] 
no stereoisomers no stereoisomers 
lá a () s 
\ / 
pif Cl Cl Br 
| | СН» 
Ce LC H Br Br H 
Pci F eM or + 
b. CH;CHCH, V Н Н / `СН›СНСН» 
| СН; H3C | CH,CHCH; CH,CHCH; 
CH; CH; | | 
СН» СН» 
5 R 
“ Д Q 
a meso о compound 
d. H3 
H 
H 
Cl 
Нз 
ш „Су ni pa < 
cis and trans 
Е HC” "CH; e "CH, ње" CH; 
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56. 


57. 


58. 
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11 [^ т |" 
2. СН» Ce ae CH; H Сы oc A 
\ / NH нуу / \ / NH EYN 
с=с Вг Вг с=с с=с Вг Вг C=C 
\ ГА \ / \ / 
H H H H H3C H H CH3 
cis trans 
ГА 
h. CHa3CH;CCH;CH3 No isomers are possible for this compound, because it does not have an 
| asymmetric center. 
CH; 


а Br Br cl cl “Br Br cl 


Cl Cl 


cis and trans only (no asymmetric centers) 


Only the fourth one (CHFBrCI) has an atom with four different atoms attached to a carbon, so it is the 
only one that has an asymmetric center. 


а. (2R,3R)-3-chloro-2-pentanol 
b. (S)-2-methyl-1,2,5-pentanetriol 
c. (2S,3S)-1,2-dibromo-2-methyl-3-pentanol 


Mevacor has eight asymmetric centers, which are indicated by the arrows. 


a. diastereomers (one asymmetric center has the same configuration in both compounds and the other has 
the opposite configuration in both compounds) 
enantiomers (they are mirror images) 

c. constitutional isomers 

d. diastereomers (the configuration of two asymmetric centers is the same and the configuration of one 
asymmetric center is different) 

e. diastereomers 

f. identical 


59. 


60. 


61. 


62. 


63. 


64. 
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g. diastereomers (cis-trans isomers are diastereomers because they are stereoisomers that are not 
enantiomers) 
h. identical (if you flip one over, you can see that they are superimposable) 


Only the compound on the far right is optically active, because it is the only one that has one or more 
asymmetric centers. 


a. Because there are two asymmetric centers, there are four possible stereoisomers. 


b. 


н 
= NHCH 
«С—С з 
„Тү 
à) СН» 
R S 
а. (2R,4S,6S)-4-chloro-6-methyl-2-octanol b. (R)-3-bromo-2,5-dimethylhexane 


Compounds a, d, e, f, h, i, and j have a stereoisomer that is achiral. 


Compounds a, d, f, i, and j have two asymmetric centers bonded to identical substituents. Thus, there are 
three stereoisomers, one of which is an achiral meso compound. 


Compounds e and h do not have any asymmetric centers; they have cis and trans stereosiomers, so each is 
achiral and, therefore, each has an achiral stereoisomer. 


Compounds b and g each have two asymmetric centers bonded to different substituents. Thus, there are 
four stereoisomers, all of which are chiral. 


Compound c does not have any asymmetric centers; it is, therefore, achiral but it does not have any 
stereoisomers. 


a. Oneasymmetric center has the same configuration in both compounds and the other asymmetric center 
has the opposite configuration in both, so the compounds are diastereomers. 

b. Both asymmetric centers in one compound have the opposite configuration in the other, so the com- 
pounds are enantiomers. 

c. They are identical because if one is flipped over, it will superimpose on the other. 

d. They are constitutional isomers because the atoms are hooked up differently; one compound is 
1-chloro-2-methylcyclopentane and the other is 1-chloro-3-methylcyclopentane. 


14 
а. 2CH5COOH 
| 
С, 3 
но” 1“ COOH 
1 CH;COOH 
(S)-citric acid 
b. The reaction is catalyzed by an enzyme. Only one stereoisomer is typically formed in an 
enzyme-catalyzed reaction because an enzyme has a chiral binding site that allows reagents to be 
delivered to only one side of the functional group of the reactant. 
c. The product of the reaction will be achiral because if it does not have a '4C label, the two СНСООН 
groups will be identical, so it will not have an asymmetric center. 
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66. 


67. 


68. 


69. 


70. 
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a. identical e. constitutional isomers 
b. identical f. diastereomers 

c. enantiomers g. constitutional isomers 
d. constitutional isomers h. enantiomers 


+14 
optical purity = 487^ 0.16 = 16% excess R enantiomer 


10096 — 1696 — 8496 is a racemic mixture 
Renantiomer = 1/2(8496) + 1696 = 4296 + 1696 = 58% 


а. К b. 5 e „с „© Li i 


: = “НН 
К 
а с н а е. а f. CH; 
| = E non i-a 
Pu Pw 
$ СЊСНз CH2CH3 
R 5 
Fisher projections show the molecule with eclipsed bonds. 
Therefore, to answer parts e and f, first rotate the Newman 
projection so it is eclipsed. Then turn the Newman projection 
into a Fisher projection. 
а – 189 


т [2.0 dm] [1.5 g/100 mL] 


Butaclamol has four asymmetric centers; three of them are carbons and опе is a nitrogen. 


The only way that R and S are related to (+) and (—) is that if one configuration (say, R) is (+), the other 
one is (—). 

Because some compounds with the R configuration are (+) and some are (—), there is no way to determine 
whether a particular К enantiomer is (+) or (—) without putting the compound in a polarimeter or finding 
out whether someone else has previously determined how the compound rotates the plane of polarization 
of plane-polarized light. 
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71. First convert the staggered Newman projection to an eclipsed Newman projection, which can then be 
converted to a Fischer projection since that too is eclipsed. Then name the Fischer projection. 


a. Since one is Ё and the other is S, they are enantiomers 


Н.С OH 
- T OH 
H CH Н 
з H CH; CH>CH; 
CH; 
CH; 
H3C СН» 
H CH; СНз 
н OH H 
H OH CH;CH; 
H H 


b. Since one is R,R and the other is 5,5, they are enantiomers. 


CH3 Cl CH; CH3 
H Br 3. HE CHCH; 
R 
B H 
H CH;CH; ü CHCH, 4 
СІ Вг СІ 


СН›СН» Cl CH;CH, СЊСН 
Н Cl HS! ссн, 
Br H 5 Вг 
H CH; H CH, 
Br H CI 
72. a. The compound has four stereoisomers. 
CHOH CHOH CHOH CHOH 
H OH H—7— OH H OH HO H 
H OH HO——_H H OH HO H 
H OH Н OH HO H H OH 
CHOH CHOH CHOH CHOH 


b. The first two stereoisomers are optically inactive because they are meso compounds. (They each have 
a plane of symmetry.) 


73. a. CH2CH2Br b. BrCH, OH c. HC „СЊСНз 
" » Ман вс сен 
АЕ? i N E N 
Вг \ H "d CH—O u^ Br 
CH;CH;5CH; 
R R R R S 
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a. and b. 
CH,CH, 
ethylcyclobutane 
H3C CH; 


cis-1,2-dimethylcyclobutane 
CH; 


НС 


cis-1,3-dimethylc yclobutane 


c. 1. ethylcyclobutane 
1,1-dimethylcyclobutane 
1,2-dimethylcyclobutane 
1,3-dimethylcyclobutane 


CH; 
"CH; 


1,1-dimethylcyclobutane 


Н.С Ко НУС” CH, 


trans-1,2-dimethylcyclobutane 


“СН; 


Н.С 


trans-1,3-dimethylcyclobutane 


2. thethree isomers of 1,2-dimethylcyclobutane 
the two isomers of 1,3-dimethylcyclobutane 


3. cis- and trans-1,2-dimethylcyclobutane 
cis- and trans-1,3-dimethylcyclobutane 


4. thetwo trans stereoisomers of 1,2-dimethylcyclobutane 


5. all the isomers except the two trans stereoisomers of 1,2-dimethylcyclobutane 


6. cis-1,2-dimethylcyclobutane 


(Note: cis-1,3-dimethylcyclobutane is not a meso compound because it does not have any 


asymmetric centers.) 


7. thetwo trans stereoisomers of 1,2-dimethylcyclobutane 


8. cis-1,3-dimethylcyclobutane and trans-1,3-dimethylcyclobutane 
cis-1,2-dimethylcyclobutane and either of the enantiomers of trans-1,2-dimethylcyclobutane 


75. 


76. 


77. 


78. 


79. 


80. 


observed specific rotation = 
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observed rotation 


concentration x length 


2022 --349 


0.187 g/100 mL x 1 dm 


Observed specific rotation 


% optical purity = 


specific rotation of the pure enantiomer 


= ш х100 
—39.0 


= 89.5% 


100 -89.5 


% of the (+)-isomer = =5.25% 


% of the (—)-isomer = 89.5 + 5.25 = 94.75% 


x 100 


a. diastereomers (the configuration of all the symmetric centers is not the same in both and not opposite 


in both) 


identical (by rotating one compound, you can see that it is superimposable on the other) 


c. constitutional isomers 


d. diastereomers (the configuration of all the stereoisomers is not the same in both and not opposite in 


both) 
a | 
C "ys or 
ci VH 
CH;CH;CH; 
b. 
H CH; 
"а Н ог 
CH3CH5 Cl 
с. 


СН» СН; 


Вг а. 
5 al Br E 
CH;CEGCH; 
CH; e. CHCH; 
Cl H CH; 
H CI СН; 
CH2CH3 СН» 
СН›СН» 


ог 


In the transition state for amine inversion, the nitrogen atom is sp? hybridized, which means it has bond 
angles of 120*. A nitrogen atom in a three-membered ring cannot achieve a 120? bond angle, so the 
amine inversion that would interconvert the enantiomers cannot occur. Therefore, the enantiomers can be 


separated. 


The fact that the optical purity is 72% means that there is 72% enantiomeric excess of the 5 isomer and 2896 
racemic mixture. Therefore, the actual amount of the 5 isomer in the sample is 72% + 1/2(28%) = 86%. 
The amount of the R isomer in the sample is 1/2(28%) = 14% (or 100% — 86% = 1496). 


A — adiastereomer 
B — adiastereomer 


C = adiastereomer 
D = adiastereomer 


E — adiastereomer 


163 


Isomers: The Arrangement of Atoms in Space 


81. a. Cl Cl Cl Cl Cl Cl 
Cl CL. Cle. — ges "СІ Cl Cl 


CI Cl CI Cl cr a 


СГ а 


This is a pair of enantiomers 
because they are 
nonsuperimposable 

mirror images. 


cr a cr Cl 


This is the most stable isomer because, since the 
chloro substituents are all trans to each other, they 
can all be in the more stable equatorial position. 
(Recall that there is less steric strain when a sub- 
stituent is in the equatorial position.) 


cr Cl 


82. 


83. Yes, as long as the Fischer projection is drawn with the #1 carbon at the top of the chain of carbons. 


R $ 
84 О B b \\ cH Кур“ 
. a. | „СН›СН» . 3 с. 


СНз R “Br 
O 
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85. The trans compound exits as a pair of enantiomers. 


"""С(СНз)з (СН;);С" 


СН. CH; 


As a result of ring-flip, each enantiomer has two chair conformers. In each case, the more stable conformer 
is the one with the larger group (the tert-butyl group) in the equatorial position. 


H H 
CH3 СНз 
НС H H CH, 
C(CH3)3 (CH3)3C 
H H C(CH3)3 (CH3)3C H H 
more stable more stable 
86. a. Тһе compounds do not have any asymmetric centers. 


b. 1. Itis not chiral. 
2. Itis chiral. Because of its unusual geometry, it is a chiral molecule, even though it does not have 
any asymmetric centers, because it cannot be superimposed on its mirror image. This will be 
easier to understand if you build models. 


ОС. | с=с=с 
N | "4 
H H ! н н 
mirror 
images are superimposable 
H Н н н 
о аса | с=е=< 
N "4 
H3C CH3 H3C CH3 
mirror 


images are not superimposable 


87. The compound is not optically active because it has a point of symmetry. 


A point of symmetry is a point, and if a line is drawn to this point from an atom or group and then extended 
an equal distance beyond the point, the line would touch an identical atom or group. 


point of symmetry 


Cl Br 


Br cl 
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Practice Test 


Are the following pairs of compounds identical or a pair of enantiomers? 


H СН; CHLCHs сњ 
а. сиси, ——сн.он апа Н СН»СН» b. „>С. апа С 
HC’ VH СГИ *Сн›СН» 
CH; СНОН СІ H 


100 mL of a solution containing 0.80 g of a compound rotates the plane of polarized light —4.8° in a 
polarimeter with a 2-dm sample tube. What is the specific rotation of the compound? 


Which are meso compounds? 


CH; CH; CH; CH; CH; 

на H——Cl Br—+—Cl на а H 

на CI——H Ве На H CI 
CHCH; CH,CH; CH;CI CH; CH; 


Draw all the constitutional isomers with molecular formula C4HoCl. 


Draw all the possible stereoisomers for each of the following compounds that has them. 


a. AM d. CH4CH;CHCH;CH;CI 
HO OH L 


b. CH CHCHCH,CH, e. 
Br Br 
Bí Өн 
c. CH;CH,CHCH,CH; f. Ho—( сы 
а! 


Which of the following three perspective formulas аге the same as the Fischer projection shown here? 


COOH 
HO H 
H OH 
CH; 
HO H X „ОН HO, „ОН 
нс Сон HO*"C—C-—gu HeC—C-u 
1 \ 1 1 
HOOC CH, НООС CH, НООС CH; 


10. 
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(R)-(—)-2-methyl-1-butanol can be oxidized to (+ )-2-methylbutanoic acid without breaking any of the 
bonds to the asymmetric center. What is the configuration of ( —)-2-methylbutanoic acid? 


CHOH | 
| oxidation 
„С, кл „С 
CH, УН CH; 
"^ CHCH; CH2CH3 
(R)-(—)-2-methyl-1-butanol (+)-2-methylbutanoic acid 


(—)-Cholesterol has a specific rotation of —32. What would be the observed specific rotation of a solution 
that contains 25% (+ )-cholesterol and 7596 ( —)-cholesterol? 


Which of the following have the R configuration? 


H CH; CH;CH3Br OH 
cine —— CH, СЕН, Hn cie — CH; cia — CH; 
Br OH Br H 
Снвг CHs сњ нь 
p „С „С „С 
CHS \“н НМ ^CH,CH, CH30'7 ^CH,CH СГМ “CH=CH 
3 Br HO еп; 3 H 2€ 115 H 2 


Answer the following: 


a. Are the following compounds identical or a pair of enantiomers? 


H СЊОН 
сњоњ—|—сњон no CH ,CH3 
CH3 CH3 


b. Put the remaining groups on the structure so it represents (R)-2-butanol. 


c. Put the remaining groups on the Fischer projection so it represents the Newman projection shown. 


CH; CH, 

HO H _ | 

Н С1 (pe 
CH5CH5 СЊСНза 
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d. Draw a diastereomer for each of the following: 
1. 2. CH; 
OH 


Br 
Cl Cl 


CH; 


11. Indicate whether each of the following statements is true or false: 


Diastereomers have the same melting points. T 
b. 3-Chloro-2,3-dimethylpentane has two asymmetric centers. 


c. Meso compounds do not rotate the plane of polarization of 


plane-polarized light. T 
d. 2,3-Dichloropentane has а stereoisomer that is a meso compound. T 
e. All chiral compounds with the А configuration are dextrorotatory. T 


f. A compound with three asymmetric centers can have a maximum 


of nine stereoisomers. T 
12. Which of the following have cis-trans isomers? 
1-pentene 4-methyl-2-hexene 2-bromo-3-hexene 2-methyl-2-hexene 


Answers to Practice Test 


1. а. a pair of enantiomers b. apair of enantiomers 2. —3.0 
СН» СН» 
3. H Cl 4. CH3CH2CH2CH2Cl СНзСН›СНСНз CH3;CHCH2Cl CH3CCH; 
H CI P n n 
СН» 
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b. СН» СН» СН» СН» 
н Вг Вг н H Br Br H 
H Br Br H Br H H Br 


CHCH; CHCH; CHCH; CHCH; 
or 
Br Br Br Br 
or 
Br H H Br Br Br Br, Br 
№ ome Ce сс 
mn VBr Bre, H H} -OSH н” М” H 
CH; СНзСН» CHCH) CH; CH; CH2CH3 CHCH) CH; 
с. no stereoisomers 
CHCH; CHCH; 
с Cl 
d. H CI cl H or dio ce 5 
СН»СН»С1 СН»СН»С1 CI CI 
CHCH; CHCH; 
AUD | 
d au xeu " 
CICHCH/ NH Н" “сиси 
Cl Cl 
HO OH 
Romeo 
HOOC CH; 
(—)-2-Methylbutanoic acid has the S configuration. 
—16 
H CH;CHBr ni (нене 
сс, —— cn; CH;CH, CH; "T NN" Ге 
СНО" / ~ењењ С" `сн=сн, 


Вг Вг 
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a. identical 


CHCH; 
2 CH; CH; 
HO H H 
or 
H Br Br 
CH3 CH3 


Diastereomers have the same melting points. 
3-Chloro-2,3-dimethylpentane has two asymmetric centers. 

Meso compounds do not rotate polarized light. 

. 2,3-Dichloropentane has а stereoisomer that is a meso compound. 
All compounds with the R configuration are dextrorotatory. 


љоро роь 


4-methyl-2-hexene and 2-bromo-3-hexene 


A compound with three asymmetric centers can have a maximum of nine stereoisomers. 
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Important Terms 


active site 


acyclic 

addition reaction 
alkene 

allyl group 
allylic carbon 
allylic hydrogen 


Arrhenius equation 


catalyst 


cis isomer 


degree of unsaturation 


E isomer 


electrophile 


electrophilic addition 


reaction 


endergonic reaction 


endothermic reaction 


enthalpy 


entropy 
enzyme 


exergonic reaction 


the pocket of an enzyme where all the bond-making and bond-breaking steps of an 
enzyme-catalyzed reaction occur. 


noncyclic. 

а reaction in which atoms or groups are added to the reactant. 
a hydrocarbon that contains a double bond. 

CH, = CHCH,— 

an sp? carbon adjacent to a vinyl carbon. 

a hydrogen bonded to an allylic carbon. 


an equation that relates the rate constant of a reaction to the energy of activation 
and to the temperature at which the reaction is carried out (k — Ae Fal S 


a species that increases the rate at which a reaction occurs without being consumed 
in the reaction. 


the isomer with the hydrogens on the same side of the double bond. 

the sum of the number of 7 bonds and rings in a hydrocarbon. 

the isomer with the high-priority groups on opposite sides of the double bond. 
an electron-deficient atom or molecule. 


an addition reaction in which the first species that adds to the reactant is an 
electrophile. 


a reaction with a positive AG^; it consumes more energy than it releases. 
a reaction with a positive AH. 


the heat given off (if AH? < 0) or the heat absorbed (if AH? > 0) during the 
course of a reaction. 


a measure of the freedom of motion in a system. 
a protein that is a biological catalyst. 


a reaction with a negative ДО“; it releases more energy than it consumes. 


From Chapter 5 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright O 2014 
by Pearson Education, Inc. All rights reserved. 
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exothermic reaction 
experimental energy of 
activation 

(E, = АН“ + RT) 


first-order rate constant 


first-order reaction 
(unimolecular reaction) 


free energy of activation 
(AG!) 


functional group 


geometric isomers 
(cis-trans stereoisomers) 


Gibbs free 
energy change (AG?) 


intermediate 
kinetics 


kinetic stability 


Le Chátelier's principle 
mechanism of the reaction 
molecular 

recognition 

nucleophile 

pheromone 

rate constant 
rate-determining step 


Or 
rate-limiting step 
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a reaction with a negative ДАН“. 

a measure of the approximate energy barrier to a reaction. 

(It is approximate because it does not contain an entropy component.) 
the rate constant of a first-order reaction. 


a reaction whose rate is dependent on the concentration of one reactant. 


the true energy barrier to a reaction. 


the center of reactivity of a molecule. 

cis-trans (or E,Z) isomers. 

the difference between the free energy content of the products and the free energy 
content of the reactants at equilibrium under standard conditions ( 1M, 25 °С, 1 atm). 
a species formed during a reaction that is not the final product of the reaction. 

the field of chemistry that deals with the rates of chemical reactions. 

kinetic stability is indicated by AG*. If AG* is large, the compound is kinetically 
stable (is not very reactive). If AG? is small, the compound is kinetically unstable 


(is very reactive). 


a principle states that if an equilibrium is disturbed, the components of the equilib- 
rium will adjust in a way that will offset the disturbance. 


a description of the step-by-step process by which reactants are changed into 
products. 


the ability of one molecule to recognize another as a result of intermolecular 
interactions. 


an electron-rich atom or molecule. 
a chemical substance used for the purpose of communication. 


the proportionality constant in the rate equation that quantifies the rate of a 
reaction. 


the step in a reaction that has the transition state with the highest energy. 
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reaction coordinate 
diagram 


saturated hydrocarbon 


second-order rate constant 


second-order reaction 


solvation 
substrate 


thermodynamic stability 


thermodynamics 
trans isomer 


transition state 


unsaturated hydrocarbon 
vinyl group 

vinylic carbon 

vinylic hydrogen 


Z isomer 


a diagram that describes the energy changes that take place during the course of a 
reaction. 


a hydrocarbon that is completely saturated with hydrogen (contains no double or 
triple bonds). 


the rate constant of a second-order reaction. 


а reaction whose rate is dependent on the concentration of two reactants, or оп 
the square of the concentration of a single reactant. 


the interaction between a solvent and another molecule (or ion). 

the reactant of an enzyme-catalyzed reaction. 

thermodynamic stability is indicated by AG”. If AG? is negative, the products are 
more stable than the reactants. If AG? is positive, the reactants are more stable 
than the products. 

the field of chemistry that describes the properties of a system at equilibrium. 

the isomer with the hydrogens on opposite sides of the double bond. 

the energy maximum in à reaction step on a reaction coordinate diagram. In the 
transition state, bonds in the reactant that will break are partially broken and bonds 
in the product that will form are partially formed. 

a hydrocarbon that contains one or more double or triple bonds. 

CH5 = CH— 

a carbon that is doubly bonded to another carbon. 


a hydrogen bonded to a vinylic carbon. 


the isomer with the high-priority groups on the same side of the double bond. 
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Solutions to Problems 


1. a. СН; b. C4Hg с. СӨН 
2. а. 3 b. 4 с. 1 9. 3 е. 13 
3. а. degree of unsaturation = 1 b. degree of unsaturation = 2 с. degree of unsaturation = 2 
== HC=CCH,CH 
CHCH — CH5 СН.СЕЕСН 2583 
СН:С== ССН; 
A ETEEN CH)=CHCH=CH) 
CH, = C = CHCH, 
4. A hydrocarbon with no rings and no double bonds would have a molecular formula of C4oHg2. C4oHs6 has 


26 fewer hydrogens. Therefore, B-carotene has a total of 13 rings and double bonds. Since we know that it 
has two rings, it has 11 double bonds. 


5. a. Ithas two vinylic hydrogens. 
b. Ithas four allylic hydrogens. 


6. a. с. СНзСН›ОСН=ЕСН» 
СН» 
СН» 
b. CH4C—CCH;CH;CH;Br d. CH, = CHCH50H 
| 
СНз 
7. а. 4-methyl-2-pentene е. 1,5-dimethylcyclohexene 
b. 2-chloro-3,4-dimethyl-3-hexene f. l-butoxy-1-propene 
c. l-bromocyclopentene g. l-bromo-2-methyl-1,3-pentadiene 
d. 1-bromo-4-methyl-3-hexene h. 8,8-dimethyl-1-nonene 
8. a. 5 b. 4 с. 4 d. 6 
9. a. —I > —Br > —OH > —CH; 
b —OH > —CH,Cl > —CH=CH, > —CH,CH,OH 
10. The high-priority groups are on same side of the double bond, so tamoxifen has the Z configuration. 
4 


N 
E ch 


high priority О 6 high priority 
C=C 
СУ 
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11. a. CH3CH5 СН» СН»СН» H 
\ / \ / 


/ \ / \ 
H H H CH; 
Z E 
b. CHCH) CH>CH; CH;CH, H 
\ / \ / 
с=с с=с 
/ \ / N 
СІ Н СІ CH,CH; 
E Z 
CH; 
| 
с. CHCH CHCH СН»С1 CH3CH>CH>CH CHCH 
3 2 2. pm. 2 3 2 2 а, 3 
/ NS 
CH4CH; m CH;CH> СН»С1 
CH; 
Z E 
CH 
2 
а. и 28 /C(CH3)3 ns - „С 
и TN. АМБ" 
О 2 C & бес C(CH3)3 
S 
Hg CH Hu 


\ 
\ 
# 
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13. а. (E)-2-heptene b. (Z)-3,4-dimethyl-2-pentene c. (Z)-1-chloro-3-ethyl-4-methyl-3-hexene 
14. СН» 


| 
H3C CHCH; 


/ \ 
H CH;CH;CH;CH; 


H СН» H H 
(E)-2-methyl-2,4-hexadiene (Z)-2-methyl-2,4-hexadiene 


b H3C H H3C H 
Я / 
778. H о CHCH; 
H Ра =C H C=C 
H СЊСНза H H 
(2E,4E)-2,4-heptadiene (2E,4Z)-2,4-heptadiene 
H H H H 
\ u N u 
бс „Н ба: CH;CH; 
H3C C=C H3C C=C 
\ \ 
H СН»СН» H H 
(2Z,4E)-2,4-heptadiene (2Z,4Z)-2,4-heptadiene 
с н H H H 
№ С № c^ 
== H == 
/ / \ „СНз 
Н с=с н r =Ç 
H СН; H H 
(E)-1,3-pentadiene (Z)-1,3-pentadiene 


b has four stereoisomers because each double bond can have either the Е or the Z configuration. 


a and c have only two stereoisomers because, in each case, there are two identical substituents bonded to 
one of the sp” carbons, so only one of the double bonds can have either the E or the Z configuration. 


16. a. AICI, is the electrophile and NH; is the nucleophile. 
b. The H?* of HBr is the electrophile and НО“ is the nucleophile. 


17. nucleophiles: Н” CH4O | CH3;C=CH МН; 


+ 
electrophiles: CH3CHCH; 


176 


19. 


Alkenes: Structure, Nomenclature, and an Introduction to Reactivity • Thermodynamics and Kinetics 


- •.2— 
5 О :О: 
| +. 
СН» | Вг ~  CH—C + Вг 
| 
CH; CH; 


Drawing the arrows incorrectly leads to a bromine with an incomplete octet and a positive 
charge as well as an oxygen with 10 valence electrons and 2— charge. 


+. zu - 
СН» T H ~ CH, —O0O—H + H: 
f 


Drawing the arrows incorrectly leads to an oxygen with an incomplete octet and a 2+ charge. 


2. This one cannot be drawn because the arrow is supposed to show where the electrons move to, but 
there are no electrons on the H to go anywhere. 


0и _ 


3. CH;COCH; + HO: 


The product cannot be drawn because the destination of the electrons in the breaking z bond is 
not clear. 


4. This one cannot be drawn because the arrow is supposed to show where the electrons move to, but 
there are no electrons on the C to go anywhere. 


а. CH;~ “ОН | сну” “он 


nucleophile electrophile 


b. Br 
+ Br’ — 
+ 


nucleophile electrophile 


| | 
С + HO: — С + H,O 
с. сну“ bia и сну“ “07 ° 
electrophile nucleophile 
i ie 
4. о CH;,—C—CI 
CH3 СН» 


electrophile ^ nucleophile 
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20. The labels are under the structures in Problem 19. 


21. a. Because the equilibrium constants for all the monosubstituted cyclohexanes are greater than 1, all of 
the equilibria have negative АС” values. 


(Recall that ДС” = —RT In Ка.) 
b.  tert-butylcyclohexane 
tert-butylcyclohexane, because it is the largest substituent 


AG? = -RT In Ка 

Ка = 18 

AG? = —1.986 X 1073 kcal/mol К X 298 К X In 18 (recall that T = °С + 273) 
AG? = —0.59 X In 18 kcal/mol 

AG? — —0.59 x 2.89 kcal/mol 

40" = —1.7 kcal/mol 


RD 


22. a. Solved in the text. 


b. AG? = -RTIn Ка 
—2.1 = —1.986 х 10? x 298 x In Keg 
In Ка = 3.56 
Keg = 35 


eq 
[isopropylcyclohexane | equatorial 35 
k= = 
- [ isopropylcyclohexane | axial 1 


% of equatorial _ [isopropylcyclohexane | equatorial х 100 


isopropylcyclohexane ^ [isopropylcyclohexane] equatorial + [isopropylcyclohexane | axial 


35 
= x 1 
35 + 1 id 


35 
— X 100 
36 


= 97% 


с. Isopropylcyclohexane has a greater percentage of the conformer with the substituent in the equatorial 
position because the isopropyl! substituent is larger than the fluoro substituent. The larger the sub- 
stituent, the less stable is the conformer in which the substituent is in the axial position because of the 
1,3-diaxial interactions. 


23. AS? is more significant in reactions in which the number of reactant molecules and the number of product 
molecules are not the same. 


а. 1. A+B (5 
2. A+B — С 


b. None of the four reactions has a positive Д5°. 
In order to have a positive А5°, the products must have greater freedom of motion than the reactants. 
(In other words, there should be more molecules of products than molecules of reactant.) 
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а. 1. 40“ = AH — TAS? 
(recall that T = °С + 273) 
AG? = —12 — (273 + 30)(.01) 


AG? = -RT In Ка 
AG? = —(1.986 х 10°?)(303)1п Keg 
—15 = —0.60 In Ка 


AG? = –12 — 3 = —15 kcal/mol ш Кы = 25 


2. AG = АН°— TAS 
AG? = —12 – (273 + 150)(.01) 
AG? = —12 — 4 = —16kcal/mol 


Ка = 7.2 X 109 


AG? = —(1.986 х 10 3) (423) In Keg 
—16 = —0.84 In K,, 
In Ка = 19 

Keg = 1.8 X 108 


For this reaction: the calculations show that increasing the temperature causes AG? to be more negative. 
c. For this reaction: the calculations show that increasing the temperature causes Кы to be smaller, 


because In Кы = —AG?/RT. 


a. 
bonds broken bonds formed 
т bond of ethene 62 C—H 
H—Cl 103 C—CI 

165 kcal/mol 
b. 
bonds broken bonds formed 
т bond of ethene 62 C—H 
H—H 104 C—H 

166 kcal/mol 


101 
-85 


186 kcal/mol AH? = 165 — 186 = —21 kcal/mol 


101 
101 


202 kcal/mol AH? = 166 — 202 = —36 kcal/mol 


с. Both are exothermic, because they both have a negative АН” value. 


d. Both reactions have sufficiently negative АН“ values to expect that they would be exergonic as well. 


a. aand b because the product is more stable than the reactant. 
b. bisthe most kinetically stable product, because it has the smallest rate constant (greatest AG*) lead- 


ing from the product to the transition state. 


c. cis the least kinetically stable product, because it has the largest rate constant (smallest А С?) leading 


from the product to the transition state. 


a. Athermodynamically unstable product is one that is less stable than the reactant. 
A kinetically unstable product is one that has a large rate constant (small AG*) for the reverse 


reaction. 
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b. A kinetically stable product is one that has a small rate constant (large AG*) for the reverse reaction. 
A thermodynamically 
unstable product 
à A kinetically b. 
unstable 
Free product 
energy A thermodynamically 
unstable product 
A kineticall bl 
netica stable 
Progress of the reaction energy product 7 
Progress of the reaction 
— ———— 
28. a. Solved in the text. 
b. Decreasing the concentration of methyl chloride (by a factor of 10) will decrease the rate of the reac- 
tion (by a factor of 10) to 1 х 1078 M s™!. 
c. Changing the concentration will not affect the rate constant (k) of the reaction, because rate con- 
stants do not depend on the concentration of the reactants. 
29. The rate constant for a reaction can be increased by decreasing the stability of the reactant (increasing its 


energy) or by increasing the stability of the transition state (decreasing its energy). 


30. Taking the logarithm of both sides of the Arrhenius equation gives the following equation (where К is the 


rate 


a. 


31. a. 
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constant), which we can use to answer the questions: 


E, 
Ink = ША — — 
RT 


Increasing the experimental activation energy (Е,) will decrease the rate constant of a reaction (will 
cause the reaction to be slower). 

Increasing the temperature (T) will increase the rate constant of a reaction (will cause the reaction to 
go faster). 


The first stated reaction has the greater equilibrium constant: 


— dose 107“ 
"^ do dg 


ЭС. 


= x 10° К = — = = 
9 1x10? 


10 


Because both reactions start with the same concentration, the first stated reaction will form the most 
product because it has the greater equilibrium constant. 


32. 


34. 
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A = reactant(s) 
B B = first transition state 
C = intermediate 
D = second transition state 
E = product(s) 


Free energy 


Progress of the reaction 
ССЭ 


а. The first step in the forward direction (A — B) has the greatest free energy of activation. 

b. The first-formed intermediate (B) is more apt to revert to reactants, because the free energy of 
activation for B to form A (the reactants) is less than the free energy of activation for B to form C. 

c. The second step (B — C) is the rate-determining step because it has the transition state with the 


highest energy. 


Notice that the second step is rate-determining even though the first step has the greater energy of acti- 
vation (steeper hill to climb). That is because it is easier for the intermediate that is formed in the first 
step to go back to starting material than to undergo the second step of the reaction. So the second step 


is the rate-limiting step. 


> 
5 
5 B 
[^] 
E 
= 
А 
С 
Progress of the reaction 
ве 
а. опе (В) 
b. two 


с. the second step (k2), B to form A (In this particular diagram, К» > Кү: if you had made the transition 
state for the second step а lot higher, you could have had a diagram in which Кү > Ку.) 


d. the second step in the reverse direction (Ку) f. BtoC 
e. the second step in the reverse direction (К), B to form A g. C to B 


A catalyst will change the energy difference between the reactants and the transition state, but it will not 
change the energy difference between the reactants and the products. 


AH*, E, AS*, AG*, k 
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a. 3,8-dibromo-4-nonene d. 3-ethyl-2-methyl-2-heptene 
b. (Z)-4-ethyl-3,7-dimethyl-3-octene e. 4-methylcyclohexene 
c. 1,5-dimethylcyclopentene f. 4-ethyl-5-methylcyclohexene 
а. CHj— CHCH;CH;CH;CH; rin 
CH; c. CH= enm 
| 
b. CH,—=CHCHCH,CH; СН; 
а н /СњСнвг d. СН, = CHBr 
с=с 
A \ 
BrCH; Br 
b. EE JEFE DH Hn e. СН; 
P == S СН; 
H CH; 
j^ 
с. ВІСН, HCH: f. СН, = СНСН,МНСН,СН = СН, 
\ 
с=с 


/ \ 
Br CH;CH;CH; 


Br 
a. — — 
b. d. Е 
Mo 22р; С H Я 
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40. a. 
b. 
41. a. 
b. 
с. 
42. H 
43. 


CH, = CHCH,CH,CH,CH; 


1-hexene 


CH2 = CCH;CH,CH3 
| 
СН» 
2-methyl-1-pentene 


CH,C— CHCELCHS 
| 


СН» 
2-methyl-2-pentene 


CH; 
CH,— Unum: 
7 
2,3-dimethyl-1-butene 


CH;CH— CHCH;CEGCH; 


2-hexene 


CH = CHCHCH;CH; 
| 
СН; 
3-methyl-1-pentene 


CH3CH = | 
CH; 


3-methyl-2-pentene 


CH; 


| 
на 


СНз 
3,3-dimethyl-1-butene 


CH; 


| 
CH3;C= (ен 


2,3-dimethyl-2-butene 


CH34CH;CH — CHCH;CH; 


3-hexene 


и HOS 


СН; 
4-methyl-1-pentene 


CH4CH— СНСНСН; 


| 
СН; 


4-methyl-2-pentene 


CH3CH5C — CH) 


CH;CH3 
2-ethyl-1-butene 


Of the compounds shown in part a, the following can have E and Z isomers: 


2-hexene, 3-hexene, 3-methyl-2-pentene, 4-methyl-2-pentene 


(E)-3-methyl-3-hexene 


trans-8-methyl-A4-nonene or (£)-8-methyl-4-nonene 
trans-9-bromo-2-nonene or ( E)-9-bromo-2-nonene 


"e aa 74 


Н Н 


O: + H— C-C 


/ 
H CB 


d. 2,4-dimethyl-1-pentene 


2-ethyl-1-pentene 


cis-2-pentene or (Z)-2-pentene 


+ ЊО + Br 
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44. AG = —КТ1п КА 
In Кы = —АС°/КТ 
In Кы = —AG°/0.59 kcal/mol 
a. In Ка = —2.72/0.59 kcal/mol c. In Ка = 2.72/0.59 kcal/mol 
In Кы = —4.6 In Ка = 4.6 
Ка = [В]/[А] = 0.01 Кы = [B]/[A] = 100 
b. In Ка = —0.65/0.59 kcal/mol d. In Ка = 0.65/0.59 kcal/mol 
In Keg = —1.10 In Кы = 1.10 
Ка = [B]/[A] = 033 Код = [B]/[A] = 3.0 
45. a. The C—Cl bond is a stronger bond because Cl uses а 3sp° orbital to overlap the 2sp° orbital of carbon, 


whereas Br uses a 45р? orbital. А 45р? has a greater volume than a 3sp? and therefore has less electron 
density in the region of orbital-orbital overlap, so it forms a weaker bond. 

b. The Br— Br bond is a stronger bond because Br uses a 45р? orbital to overlap the 45р? orbital of the 
other bromine, whereas I uses a 5sp? orbital. A 5sp? has a greater volume than a 45р? and therefore has 
less electron density in the region of orbital-orbital overlap, so it forms a weaker bond. 


46. a. Z b. E c. E d. Z e E f E 


47. If the number of carbons is 30, C,,H>,42 = C39H¢2. A compound with molecular formula СзоН5д is missing 
12 hydrogens. Because it has no rings, squalene has 6 7 bonds (12/2 — 6). 


48. а. — CH=CH, > — CH(CH3), > — СЊСЊСНза > — СН. 

b. — OH > == МН, > = СНОН > == CHNH, 

с. —Cl > —C(=O)CH; > —C=N > — CH=CH, 
49. a. Н.С Н Н.С Н 
` 0 а | | ЕР 
= H = H 
Jc E UR ЧЕКЕ 
H3C la = © Н.С F = ч. 
H СН; Н Н 
(E)-2-methyl-2,4-hexadiene (Z)-2-methyl-2,4-hexadiene 
b. H H H H 
N РА 
C=C C=C 
\ ЛИМ" 
Н СН,СН, B H CH;CH; СН; 
x 
C=C C=C 
/ N / b 
H CH; H H 
(E)-1,5-heptadiene (Z)-1,5-heptadiene 
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1,4-pentadiene 


a 
+ 
50. а. CH,CHjNH, + Br- b. CHG CH; c. CH,CH—CCH, + СГ 
+ 
OH 
51. Only one name is correct. 
a. 2-pentene 
b. correct 
c. 3-methyl-1-hexene (the parent hydrocarbon is the longest chain that contains the functional group) 
d. 3-heptene 
e. 4-ethylcyclohexene 
f. 2-chloro-3-hexene 
g. 3-methyl-2-pentene 
h. 2-methyl-1-hexene (it does not have E,Z isomers) 
i. l-methylcyclopentene 
52. a. CICH CH c. H CH 
с с“ | \ С | 
= H к= А 
# \ / / \ „СЊСнњен; 
H C=C CHCH, с=с 
д \ \ 
H CH, Н.С Н 
b H CH d Br 
CU di 
с=с К, CH,CH H 
H CH,CH,CH; H Ё и < 
Вг н 
53. а. 2 
b. B,D,F 
c. E to G (the fastest step has the smallest energy of activation to overcome) 
d. G 
e A 
f C 
g. endergonic 
h. exergonic 
i C 
j. E to G (the largest rate constant corresponds to the lowest energy of activation) 
k. Gto E (the smallest rate constant corresponds to the highest energy of activation) 
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55. 


56. 


57. 


58. 
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a. В will have the larger AS? value because, unlike A, the number of reactants is not the same as the num- 


ber of products. 


b. AS? = (the freedom of motion of the products) — (the freedom of motion of the reactants). 
Because the three products have a greater freedom of motion than the two reactants, AS? will be 


positive. 


AG? = AH? = TAS? 
а. AG? = 20 — (298)(0.05) 
AG’ = 20 = 149 = 5.1 


AG? = -RT In Keg 
5.1 = —1.986 X 10? x 298 X In Ка 
5.1 = —0.59 In Keg 
—8.6 = Ink, 
Ка = 18 x 10° 
b. AG? = 20 — (398)(0.05) 
AG? = 20 – 20 = 0 


а. AG? = –КТ Ка 
AG? = —RTIn 10 
AG? = —1.986 х 10? x 298 x 23 
AG? = —1.36 kcal/mol 


b АС = АН – 0 
—1.36 = АН – 0 
AH? = — 1.36 kcal/mol 


с. АС? = 0 – TAS? 
—1.36 = 0 — 298А5° 
AS? = 1.36/298 = 4.56 X 1073 kcal/(mol deg) 


AG? = -RTIn K, 
In Кы = —AG°/RT 
In Кы = —AG^/0.59 kcal/mol 
In Кы = —5.3/0.59 kcal/mol 
In Ка = —9.0 

Ка = [B]/[A] = 0.00013 


[B]/[A] = 0.00013/1 = 0.13/1000 


59. 


Alkenes: Structure, Nomenclature, and an Introduction to Reactivity • Thermodynamics and Kinetics 
The calculation shows that for every 1000 molecules in the chair conformation there is 0.13 molecule in a 
twist-boat conformation. 


This agrees with the statement that for every 10,000 chair conformers of cyclohexane, there is no more 
than one twist-boat conformer. 


A step-by-step description of how to solve this problem is given in the box entitled “Calculating Kinetic 
Parameters” in the text. 


E, can be determined from the Arrhenius equation (Ink = —E,/RT), because a plot of In К versus 1/T 
gives a slope = —E,/R. 

In 2.11 X 105 = —1077 T = 304 1/Т = 329 x 103 

їп 4.44 x 105 = —10.02 Т = 313 1/T = 3.19 х 103 

In 1.16 x 10* = —9.06 Т = 3245 1/Т = 3.08 x 10? 

In 2.10 x 107* = —847 T = 332.8 1/Т = 3.00 x 1073 

In 4.34 x 10-4 = —7.74 Т = 342.2 1/Т = 2.92 x 10? 

slope = —8290 


E, = —(slope) R 
Е, = —(—8290) х 1.98 х 1073 kcal/mol 
E, = 16.4 kcal/mol 


To find До“: 
—AG? = RT n kh/ Tk, 
From the graph used to determine E,, one can find the rate constant (К) at 30°. 
(Itis 1.84 X 10775.) 
—AG? = 1.98 X 10? x 303 In (1.84 X 10? x 1.58 x 107!) /(303 x 3.30 x 1079) 
—AG? = 1.98 х 107° x 303 In (2.90 x 10736) /(1.00 х 1079) 


—AG? = 1.98 x 10? x 3031n2.90 x 10720 

—AG? = 1.98 x 10? x 303 x (—3.50) 
AG? — 2.10 kcal/mol 

To find АН“; 


AH? = E, — RT 

AH? = 16.4 — 1.98 X 1073 x 303 
AH? — 164 — 0.6 

AH? = 15.8 kcal/mol 


To find AS*: 
AS? = (AH? — AG°)/T 
AS? — (15.8 — 2.10)/303 
AS? — (—13.7)/303 
AS? = 0.045 kcal/(mol deg) = 45 cal/(mol deg) 


187 


188 


Alkenes: Structure, Nomenclature, and an Introduction to Reactivity • Thermodynamics and Kinetics 


Practice Test 
Name each of the following compounds: 
а. CH3CH»,CHCH,CH= СН» c. CH3CH,CH= ата 
| 
CH; СН›СН; 
Cl 
CH; 


b. № а. 
Вг 


Label the following substituents in order from highest priority to lowest priority in the E,Z system of 


nomenclature. 


О 


|| 
—CCH, —CH=CH, —Cl —C=N 


Correct the incorrect names. 


a. 3-pentene c. 2-ethyl-2-butene 


b. 2-vinylpentane d. 2-methylcyclohexene 


Indicate whether each of the following statements is true or false: 


Increasing the energy of activation increases the rate of the reaction. T 
b. Decreasing the entropy of the products compared to the entropy of the 

reactants makes the equilibrium constant more favorable. T 
с. An exergonic reaction is one with a — АС. T 
d. An alkene is an electrophile. T 
e. The higher the energy of activation, the more slowly the reaction will take place. T 
f. Another name for trans-2-butene is (Z)-2-butene. Т 
g. A reaction with a negative AG? has an equilibrium constant greater than one. T 
h. Increasing the free energy of the reactants increases the rate of the reaction. T 
i. Increasing the free energy of the products increases the rate of the reaction. T 
j. Тһе magnitude of a rate constant is not dependent on the concentration of the reactants. T 


"t "uoto rou ro "uo "no тш 


5. 


10. 


11. 


12. 
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Do the following compounds have the Е or the Z configuration? 


СН» С1 | 
| | 
a. СЊСНСН СН»СН»›СН»Вг b. CH3CH С 
\ / \ / \ 
cae C=C CH 
CHCH CHOH CH;CH CHOH 
| | 
CH3 CH; 


Draw structures for each of the following: 
a. allylalcohol b. 3-methylcyclohexene с. cis-3-heptene d. vinyl bromide 
What is the total number of т bonds and rings in a hydrocarbon with a molecular formula of СзНз? 


Using curved arrows, show the movement of electrons in the following reaction mechanism: 


CH;CH—CH, + НС: === CH;CH— СН; 4 CHE ——- CH4CH— СН; 
| 
ici 


A favorable (negative) AG? is given by: 
(a positive or negative AH”), (a positive or negative AS^), and (a high or low temperature). 


Which of the following has a more favorable equilibrium constant (that is, which reaction favors products 


more)? 


а. A reaction with a AH? of 4 kcal/mol or a reaction with a AH? of 7 kcal/mol? (Assume a constant А 5° 


value.) 


b. Areaction with a positive AS? value that takes place at 25 °С or the same reaction that takes place at 


35 °С? 


с. А reaction in which two reactants form one product ог a reaction in which one reactant forms two 


products? (Assume a constant АН? value.) 
Draw and label the Е and Z stereoisomers of: 


а. l-bromo-2,3-dimethyl-2-pentene b. 2,3,4-trimethy1-3-hexene 


Draw a reaction coordinate diagram for a one-step reaction with a product that is thermodynamically 


unstable but kinetically stable. 
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Answers to Practice Test 


а. 4-methyl-1-hexene с. 7-methyl-3-nonene 
b. 4-bromocyclopentene d. 4-chloro-3-methylcyclohexene 

\ 
— CCH; — CH=CH) ——Cl —C=N 

2 4 1 3 
a. 2-pentene с. 3-methyl-2-pentene 
b. 3-methyl-1-hexene d. 1-methylcyclohexene 
a. Increasing the energy of activation increases the rate of the reaction. Е 
b. Decreasing the entropy of the products compared to the entropy of the reactants 

makes the equilibrium constant more favorable. Е 
с. Ап exergonic reaction is one with a —АС°. T 
d. An alkene is an electrophile. Е 
е. The higher the energy of activation, the more slowly the reaction will take place. T 
f. Another name for trans-2-butene is Z-2-butene. F 
g. Areaction with a negative AG? has an equilibrium constant greater than one. T 
h. Increasing the energy of the reactants increases the rate of the reaction. T 
i. Increasing the energy of the products increases the rate of the reaction. Е 
j. The magnitude of a rate constant is not dependent on the concentration of the reactants. T 
а. 2 b. 2 
а. СН›=СНСН›ОН с. CH3CH2, „©Н›СН›СН» 

с=с 
/ \ 
H H 
b. d. CH= CHBr 
СН» 

5 8. CH;CH=CH, + H Le: == CH;CH—CH; + :6: —= m CH; 


pg PON "T 


а negative ДН“, a positive AS", and a high temperature 


а. 4 kcal/mol b. 35°С c. one reactant forms two products 
Ји is 
ВСН. СН; ВІСН, CHCH; CH4CH CH, CH4CH CHCH; 
\ / \ / \ / \ / 
а. с=с с=с Ь. с=с с=с 
/ \ / \ / \ / \ 
СН» СЊСН СН» СН» СН» СН»СН» СН» СН» 


Е 7 Е 7 


12. 


Alkenes: Structure, Nomenclature, and an Introduction to Reactivity • Thermodynamics and Kinetics 


Free energy 


——= | 
Progress of the reaction 
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Important Terms 


acid-catalyzed reaction 


aldehyde 


anti addition 


biochemistry 


carbocation rearrangement 


catalyst 


catalytic hydrogenation 


concerted reaction 
constitutional isomers 
(structural isomers) 
dimer 


electrophilic addition 
reaction 


enzyme 
epoxide (oxirane) 
halohydrin 


Hammond postulate 


heat of hydrogenation 
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a reaction catalyzed by an acid. 


a compound with a carbonyl group that is bonded to an alkyl group and to a hydro- 
gen (or bonded to two hydrogens). 


an addition reaction in which the two added substituents add to opposite sides of 
the molecule. 


the chemistry associated with living organisms. 

the rearrangement of a carbocation to a more stable carbocation. 

a species that increases the rate at which a reaction occurs without being con- 
sumed in the reaction. Because it does not change the equilibrium constant of the 


reaction, it does not change the amount of product that is formed. 


the addition of hydrogen to a double or a triple bond with the aid of a metal 
catalyst. 


а reaction in which all the bond-making and bond-breaking processes take place in 
a single step. 


molecules that have the same molecular formula but differ in the way the atoms 
are connected. 


a molecule formed by joining together two identical molecules. 


an addition reaction in which the first species that adds to the reactant is an 
electrophile. 


a protein that catalyzes a biological reaction. 
an ether in which the oxygen is incorporated into a three-membered ring. 
an organic molecule that contains a halogen atom and an OH group. 


states that the transition state will be more similar in structure to the species (reac- 
tants or products) that it is closer to energetically. 


the heat (ДА?) released in a hydrogenation reaction. 
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heterogeneous catalyst 
hydration 


1,2-hydride shift 


hydroboration-oxidation 


hydrogenation 


hyperconjugation 


ketone 


Markovnikov’s rule 


mechanism of the reaction 


1,2-methyl shift 


oxidation reaction 


oxidative cleavage 
ozonolysis 

primary carbocation 
receptor 


reduction reaction 


regioselective reaction 


a catalyst that is insoluble in the reaction mixture. 
addition of water to a compound. 


the movement of a hydride ion (a hydrogen with its pair of bonding electrons) 
from one carbon to an adjacent carbon. 


the addition of borane (or RBH) to a double or triple bond followed by reaction 
with hydrogen peroxide and hydroxide ion. 


addition of hydrogen. 


delocalization of electrons by overlap of carbon-hydrogen or carbon-carbon с 
bonds with an empty orbital on an adjacent carbon. 


a compound with a carbonyl group that is bonded to two alkyl groups. 
О 
| 
R^ ^R 
the actual rule is, ^when a hydrogen halide adds to an asymmetrical alkene, the ad- 
dition occurs such that the halogen attaches itself to the carbon atom of the alkene 


bearing the least number of hydrogen atoms." Chemists use the rule as follows: the 
hydrogen adds to the sp? carbon that is bonded to the most hydrogens. 


A more general rule is, the electrophile adds to the sp? carbon that is bonded to the 
most hydrogens. 


a description of the step-by-step process by which reactants are changed into 
products. 


the movement of a methyl group with its bonding electrons from one carbon to an 
adjacent carbon. 


a reaction that decreases the number of C — H bonds in the reactant or increases 
the number of C—O, С— М, or C — X bonds (X denotes a halogen). 


an oxidation reaction that cleaves the reactant into two or more compounds. 
the reaction of an alkene with ozone. 

a carbocation with the positive charge on a primary carbon. 

a protein or other compound that binds a particular molecule. 


a reaction that increases the number of C—H bonds in the reactant or decreases 
the number of C—O, C— N, or C — X bonds (X denotes a halogen). 


a reaction that leads to the preferential formation of one constitutional isomer over 
another. 
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secondary carbocation 


stereocenter 
(stereogenic center) 


stereochemistry 
stereoisomers 
stereoselective reaction 


stereospecific reaction 


steric effect 


steric hindrance 


syn addition 


tertiary carbocation 


vicinal 
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a carbocation with the positive charge on a secondary carbon. 


an atom at which the interchange of two groups produces a stereoisomer. 


the field of chemistry that deals with the structure of molecules in three dimensions. 
isomers that differ in the way the atoms are arranged in space. 
а reaction that leads to the preferential formation of one stereoisomer over another. 


a reaction in which the reactant can exist as stereoisomers and each stereoisomeric 
reactant leads to a different stereoisomeric product. 


an effect due to the space occupied by a substituent. 


a hindrance due to bulky groups at the site of a reaction that make it difficult for 
the reactants to approach one another. 


an addition reaction in which the two added substituents add to the same side of 
the molecule. 


a carbocation with the positive charge on a tertiary carbon. 


vicinal substituents are substituents on adjacent carbons. 
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Solutions to Problems 


1. ома Гу, : от CY 


2. a. The o bond orbitals of the carbon adjacent to the positively charged carbon are available for overlap 
with the vacant p orbital. Because the methyl cation does not have a carbon adjacent to the positively 
charged carbon, there аге по с bond orbitals available for overlap with the vacant p orbital. 

b. Anethyl cation is more stable because the carbon adjacent to the positively charged carbon has three 
с bond orbitals available for overlap with the vacant p orbital, whereas a methyl cation does not have 
any с bond orbitals available for overlap with the vacant p orbital. 


H H H H 
| + |+ |+ | . 
3. a. LN LM E EE i =н b. sec-butyl cation 
CH; H H H 
3 3 6 
4. a. СЊСЊССНа > СЊСЊСНСНа > CH3CH2CH2CH3 
+ + + 


b. A halogen atom decreases the stability of the carbocation because, since it is an electronegative atom, 
it withdraws electrons away from the positively charged carbon. This increases the concentration of 
positive charge on the carbocation which makes it less stable. 


CH4CHCH;CH; > CH3;CHCH,CH, > CH;CHCH;CH, 
| i | i | К 
СН; СІ Е 
Because fluorine is more electronegative than chlorine and therefore withdraws electrons more 
strongly, the fluorine-substituted carbocation is less stable than the chlorine-substituted carbocation. 
5. The transition state will resemble the one (reactants or products) that it is closer to on the reaction coordi- 
nate diagram; that 15, the one that it is closer to in energy. 


a. products Б. reactants е. reactants а. products 


CH; СНз 
6. a. СЊСЊСНСНза с. е. 
| Вг Вг 
Вг 
CH3 Ts 
| 
b. CH34CH;CCH; d. о f. зе 
| 
Вг Вг Вг 
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10. 


п. 
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a. СН» с. СН» 


D Á 
CH: = ССН; C=CH, 
b. ( > СН›СН==СН» d. (= CHCH; or ( CHCH; 


( > CH = CHCH; 


This would not be a good choice, because it 
would lead to a mixture of two products. 


a. СНз In both а and b, ће compound that is more highly regioselective is the one where 


| the choice is between forming a tertiary carbocation and a primary carbocation. 
CH3CH2C = CH) 


b. CH) In both a and b, the less regioselective compound is the one where the choice is 
between forming a tertiary carbocation and a secondary carbocation, because the 
difference in the stability of the two possible carbocations, and therefore the dif- 
ference in the amount of product formed, is not as great as it is when the choice is 
between a tertiary and a primary carbocation. 


As long as the pH is greater than about —2.5 and less than about 15, more than 50% of 2-propanol would 
be in its neutral, nonprotonated form. 


+ pKa= -2.5 рКа=-15 
ROH, === ROH ====== ВО 


Recall that when the pH = pK,, half the compound is in its acidic form and half is in its basic form. There- 
fore at a pH less than about —2.5, more than half of the compound will be in its positively charged proton- 
ated form. At a pH greater than about ~ 15, more than half of the compound will exist as the negatively 
charged anion. 


Therefore, at a pH between —2.5 and ~ 15, more than half of the compound will exist in the neutral non- 
protonated form. 


a. three transition states b. twointermediates 


c. The first step is the slowest step, so it has the smallest rate constant; the second step is fast because no 
bonds are being broken; the third step is fast because transfer of a proton from or to an O or an N is 
always a fast reaction. 


a. CH4CH;CH;CHCH; с. CH,CH;CH;CH;CHCH, and CH;CH,CH,CHCH>CH; 


| | | 
OH OH OH 


formed in equal amounts 


13. 


14. 


15. 
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CH; CH; CH; CH; 
а. 1. б: Сб: 2. БЕШ 3. се 4. сисон 

а ш bu бсн, 
b. 1 


The first step in all the reactions is addition of an electrophilic proton (H*) to the carbon of the 
СН, group. 


2. А tert-butyl carbocation is formed as an intermediate in each of the reactions. 
с. 1. The nucleophile that adds to the tert-butyl carbocation is different in each reaction. 


2. In reactions #3 and #4, there is a third step—a proton is lost from the group that acted as the 
nucleophile in the second step of the reaction. 


3. "s єн 4. Ts oh 
а сы + Н;О+ сыа снн, + СЊОН; 
ОН ОН *OCH OCH 
X q з i 
HÖ H CH30H H 
Solved in the text. 
CH; CH; 


Н›$О4 | 
а. + сњон —— OCH; b. CH,—CCH, 
OH 
Н,504 
с. + HO + 


#80, | 
+ CH,0H = со сш 


СН» 


H580. 
d. CH;CH=CHCH; + H,O E о. 
ог ОН 
#2504 
сњ=<СНСЊСН + НО сее 
ОН 
+ — 
ROH + H,SO, === мн + HSO, 
H 
н d. Y 
ia RÓH 
+ + T 
CHRO X CHa + Ron == SER а + вон == па 
CH, H CH; CH; 
RG ннн | 
CH; 
| 
+ 
в + ing 
CH; H 
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16. 


17. 


18. 
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Solved in the text. 


1,2-hydride n 
HB + hift + Br 
а. CH,CHCH—CH, ——* CH4CHCHCH, —— CESCCH;CH; === СЊОСЊОЊ 
| | | | 
СН; CH3 CH3 CH; 
secondary tertiary 
+ = 
b. PRONUM HBr е EE. CHO шын 
CH3 CH3 CH3 Br 
СН» СН» Br. СН 
+ 
с. НВг Вг 
СН; СН; Br. CH, 
+ 
d. Ф НВг Ф Br. 
| СНз 1,2-methy! үз ie T 
HB t shift t Br 
е. саш ксы а ore шы RE. аа 
СН; CH; CH; CH; 
secondary carbocation tertiary carbocation 


СН; СН; 
f. Вг 
CH; ‚ 
Вг 


CH3 СНз 
НВг 
А. 
Br. 
Y 
Br 
1-Bromo-3-methylcyclohexane and 1-bromo-4-methylcyclohexane will be obtained in approximately 
equal amounts because, in each case, the intermediate is a secondary carbocation, so the two compounds 


will be formed at about the same rate. A carbocation rearrangement will not occur because it would just 
form another secondary carbocation. 


The reaction with 9-BBN is more highly regioselective. 9-BBN is sterically hindered, so it will be more 
likely than BH; to add to the least sterically hindered carbon. 


19. 


20. 


21. 


22. 
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CH3 CH3 
| 1. ВНУТНЕ 
а. CH3;C=CHCH; - CH3;CHCHCH; 
2. НО“, H203, НО | 
OH 
CH3 CH3 
OH 
b. 1. ВНУТНЕ 
2. НО”, НО», ЊО 
CH; Addition of H^ would form a carbocation 
| that could rearrange. 
CH3CCH;CH; 
|. Addition of Br* forms a cyclic bromonium 
ion rather than a carbocation, so there is no 
rearrangement. 
a. The first step in the reaction of propene with Вг» forms a cyclic bromonium ion, whereas the first step 
in the reaction of propene with HBr forms a carbocation. 
b. ТЕ the bromide ion were to attack the positively charged bromine, a highly unstable compound (with а 


negative charge on carbon and a positive charge on bromine) would be formed. 


a 


:Вг: ..— 
УД My :Вг: 
Notice that the electrostatic potential map of ће cyclic bromonium ion shows that the ring carbons аге 


the least electron dense (most blue) atoms in the intermediate and therefore the ones most susceptible 
to nucleophilic attack. 


- TA 
CH,— CH,— Br — Вг: 


Sodium and potassium achieve an outer shell of eight electrons by losing the single electron they have in 
the 3s (in the case of Na) or 4s (in the case of K) orbital, thereby becoming Ма’ and К“. 


In order to form a covalent bond, they would have to regain electrons in these orbitals, thereby losing the 
stability associated with having an outer shell of eight electrons and no extra electrons. 


The nucleophile that is present in greater concentration is more apt to collide with the intermediate. Therefore, 
if the solvent is a nucleophile, the major product will come from reaction of the solvent with the intermediate, 
because the concentration of the solvent is much greater than the concentration of the other nucleophile. (For 
example, in part a the concentration of CH4OH is much greater than the concentration of СГ. In part b, the 
nucleophile is most likely to be Г because there are two equivalents of Nal and one equivalent of HBr.) 


Hs ү 
a. CICH;CCH, апі С1СН›ССН» c. CH;CH,CHCH; and CH;CH,CHCH; 
| | | | 
ОСН; СІ ОН СІ 
тајог тајог 
b. сн Ен, апа pu OCH; | 
1 Br d. СН.СНСНСН. ава И 
н OCH; Br 
major 
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24. 


25. 


26. 


27. 


28. 


29. 
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Because chlorine is more electronegative than iodine, iodine will be the electrophile. Therefore, it will end 
up attached to the sp” carbon that is bonded to the most hydrogens. 


+ 
0+ 6- ју I NC 
СНСНСН = CH, + I—Cl ——» CHSCH;CH— CH; — —- CH3CH2CHCHy,lI 


deck | 
:Cl: Cl 


а. CH;CHCH;CH, b. CH,CHCH;CH, c. CH»sCHCH,CH,; а. CH;CHCH;CH, 
| 


| | MN NE 
Br Br Br OH Br ОСЊСНз Br OCH; 


Look at the reagent (Cl,) and remember what that reagent does when it reacts with an alkene (do not let 
the rest of the molecule confuse you): when Cl, adds to an alkene, it forms a cyclic chloronium ion inter- 
mediate. You know that the intermediate then reacts with a nucleophile. There are two nucleophiles in the 
solution that can react with the intermediate, a Cl” and the OH group at the end of the molecule. There is a 
greater probability that the OH group will be the nucleophile that attacks the chloronium ion because, since 
it is attached to the reactant, it does not have to wander through the solution to find the chloronium ion as 


the СТ has to. Loss of a proton gives the six-membered ring ether. 
Chit Е : 
cl: p С: E Cl: 
2) a; ("Я x 6 кт 
СЕ 


СС HO 


O О 
а. Zs с. coe eX У 


СН›СН»СН» H.C сн, 
9 О 
НзС 
А do MN 
нус CHCH; 
a. cyclohexene b. 1-Бшепе 
О О 
О О H " 
po ү ДА " ЗА 
О О 
О О О 
b | > + HC—O е. " H 
MN CLE 
О 
О О 
О О 
Ч А BAA + нс=о 
н н 
н 
О 
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а. CH, CH; 
C=C 
/ \ 
СН» CH; 
2,3-dimethyl-2-butene 
b. CH4CH;CH,; CH;CH;CH; CH;CH;CH, H 
C=C or C=C 
/ \ / X 
H H H CH;CH5CH; 
cis-A-octene trans-A-octene 


It does not tell you whether the double bond has the £ or the Z configuration. 


Solved in the text. 


Solved in the text. 


a. CH,—CHCH,CH,CH, or CH;CH=CHCH,CH, 


b. Чањ 


ог 


CH,CH, CH5CH; 
or or 


a. three alkenes: 1-butene, cis-2-butene, trans-2-butene 
b. four alkenes: 3-methyl-1-pentene, ( E)-3-methyl-2-pentene, (Z)-3-methyl-2-pentene, 2-ethyl-1-butene 


c. five alkenes: 1-ћехепе, cis-2-hexene, trans-2-hexene, cis-3-hexene, trans-3-hexene 


Because alkene A has the smaller heat of hydrogenation, it is more stable. 


CHCH; 
a. 
CHCH; 
CHCH 
b. 2 3 
CHCH; 
CHCH; 
с. 
CHCH; 


This alkene is the most stable because it has the greatest 
number of alkyl substituents bonded to the sp? carbons. 


This alkene is the least stable because it has the fewest 
number of alkyl substituents bonded to the sp? carbons. 


This alkene has the smallest heat of hydrogenation 
because it is the most stable of the three alkenes. 
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Do T 
Н.С CH; H CHCH;  CH4CH; CHCH; CH,—CH CH— CH; 
* / \ / \ / \ / 
38. 6 > P > C=C > с==< 
CH,CH, CHCH; CHCH, H H H H H 
4 alkyl substituents 2 trans alkyl substituents 2 cis alkyl substituents 2 cis alkyl substituents 
that cause greater steric strain 
than those in cis-3-hexene 
39. The reactant must have E,Z stereoisomers or К,5 stereoisomers. 
40. a. No, because only one constitutional isomer can be formed as a product since 2-butene is a symmetrical 
alkene. 
канен 
Вг 
b. No, because it forms a racemic mixture. 
c. No, because cis-butene and trans-butene form the same product. 
d. Yes, because two constitutional isomers are possible, but only one is formed. 
e. No, because it forms a racemic mixture. 
f. No, because cis-butene and trans-butene form the same product. 
41. Only the stereoisomers of the major product of each reaction are shown. 
a. | СЊСЊСНа СН» СН» 
Lon NE я o H Cl 5 а! Н А 
H3C \ ^H racemic H` / СН; 
Cl mixture СІ СЊСЊСНз СЊСЊСНа 
b. CH CH2CH3 CH2CH2CH3 CH2CH3 CH2CH3 
5С. Ro or H OHS но H R 
CH си. \ “н racemic Н“/ ^CH;CH; 
3—2 OH mixture НО CH 2CH2CH3 CH;CH;CH; 
с: 
This compound does not have any stereoisomers, 
СНО because it does not have any asymmetric centers. 
СН» 
а. | 
CH4CCH4CH; This compound does not have any stereoisomers, 
| because it does not have an asymmetric center. 
Br 
42. Solved in the text. 
43. Solved in the text. 
44. Solved in the text. 
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45. 


46. 


47. 


48. 


49. 
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а. 1. trans-3-heptene 2. cis-3-heptene 


b. The enantiomer of each of the structures shown will also be formed, because the peroxyacid can 


approach both the top and the bottom of the plane defined by the double bond. 


О О 
/ N 2 ИХ 
CH,CH;CH,"/- СН | HC Сен 
Н СН›СН; CH3CH>CH> 
a OH b 
+ 
CH4CH; HO 
CH; CH; 
с | | d CHCH; CHCH; 
Сы + oS 
сн.сн, \ Н н d CHCH; CH; OH HO CH; 
+ ; CH; H H CH; 
or СЊСНз СН»С1 
CH; CH; 
HO H H OH 
CHCH; CHCH; 
R 5 
СН›СН» CH;CH; 
B * 
CH5— CCH;CH;CH; = BrCH;CCH;CH;CHs 
Br 
CH2CH3 СЊСНз 
H2 
CH?—CCH;CH;CH; pare CH;CHCH;CH;CH; 
СЊСНз CH2CH; 


1. ВН; 


СЊњ== CCH5;CH5CH5 — > 
2. НО”, НО», HO 


HOCH;CHCH;CH;CH; 


(* indicates an asymmetric center) 


Each of the reactions forms a compound with one asymmetric center from a compound with no asymmet- 


ric centers. Therefore, each of the products will be a racemic mixture. 


Solved in the text. 


a. кен ү СН; СН; 
С... Eo ше С ог H Br +t Br H 
me MH H"/ Хен 
? Br Br 3 CHCH; CHCH; 
8 R $ R 
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CH; 


b. CH;3CH;CCH;CH, This compound does not have an asymmetric center. 


Br 
Same as b. 
d. Tem јата CHCH; CHCH; 
C... + C ог + 5 
VA X 'H H` / \ H Br Br H 
CH3CH5 Br Br CH5CH;5 
CH5CH;5CH; CH;CH;CH; 
5 R $ R 
CH; CH; 
е. Hes H ü BH ,CHs H BrS 4 Br HR 
CB + r~c—C.., or 
wW " H 
H СА CH;CH; CH,CH Br HS H Вг А 
S S R R CHCH; CHCH; 
f. CHCIEC, (ишен СН›Вг CHBr 
C., + wC or H Br + Br H 
/ \ “н н“ / N 
ВІСН» Br Вг CHBr CH;CH;CH;CH4 CH»,CH»CH>CH; 
R $ R $ 


Two different bromonium ions are formed because Вг» can add to the double bond either from the top of 
the plane or from the bottom of the plane defined by the double bond, and the two bromonium ions are 
formed in equal amounts. Attacking the less hindered carbon of one bromonium ion forms one stereoiso- 
mer, whereas attacking the less hindered carbon of the other bromonium ion forms the other stereoisomer. 
Because Br can attack the least sterically hindered carbon with equal ease from pathway a as from path- 
way b, equal amounts of the threo enantiomers will be obtained. Of course, some reaction will occur at the 
more hindered end of the bromonium ion, but it will occur to the same extent in both pathways. 


(Bri 
Н.С СН›СН›СН,СН;» 


pathway а 


“C—C 
Вг» C \ / ~ 
b H Cpr Н 
+ 


ње, /CH;CH;CH;CH; 
pod Е d 
H H pathway b r H5CH5CH 
ње, У \_»CH2CH2CHs3 
4 N 
-H 


The addition of Br and OH are anti, so in 
a cyclic compound these two substituents 
are trans to one another. 


and 
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b. mechanism of the reaction 


Но: H30: 
—— + Br 
з CBr С Вг a 
+ + 
HO Br HO Br Br YOH» 
52. a. Only anti addition occurs. Because the reactant is trans, the product would be expected to be the 


erythro pair of enantiomers. However, in this case, each asymmetric carbon is attached to the same 
four groups, so the product is a meso compound. Therefore, only one stereoisomer is obtained. 


CH2CH3 
CH3CH5 Br 
CH; Br $ 5 
or СС CH; 
CH; Br R Сн; 
Вг CHCH; 
CH;CH; S R 


b. Only one asymmetric center is created in the product, so the product is a racemic mixture. 


CH,CH, CH,CH, Е a 
Br CH; + CH, Br or Ca al 
CH; \“н н“ "CH 
BrC(CHCH,), BrC(CH,CH,), C(CHoCH3p (СН:СН»)С 
R 5 в |, Ls 


c. Only syn addition occurs. Because the reactant is trans, the product is the threo pair of enantiomers. 


CH;CH; CHCH; 
H CH;CH; CH;CH, H 
СН: Н А Н CH; S = \ Б 
+ ог CH3™C—C..,, + C—C CH 
H—— CH; R CH; H 5 " \ Н H'/ 
CH3CH; СН» CH; CH,CH; 
CH,CH; CH3CH; ROG S 


d. The product of the reactions does not have any asymmetric centers, so it does not have any stereoisomers. 
CH3CH2CHCH»CH3 


| 
CH; 
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54. 
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e. Only anti addition occurs. Because the reactant is cis (a cyclopentene ring cannot exist in a trans con- 
figuration), the product is the pair of enantiomers with the bromines on opposite sides of the ring. 


mo 


СН; Вг СН; 


f. Ошу anti addition occurs. Because the reactant is cis, the product is the pair of enantiomers with the 
bromines on opposite sides of the ring. 


CHCH; 


CH; Br Br CH3 


g. Only syn addition occurs. Because the reactant is cis, the product would be the pair of enantiomers 
with the hydrogens on the same side of the ring, but in this case the product is a meso compound, so 
only one stereoisomer is obtained. 


CH; CH; 


h. Only syn addition occurs. Because the reactant is cis, the product is the pair of enantiomers with the 
hydrogens on the same side of the ring. 


CH3 CHCH; CH3CH> CH3 
a. poe b. The R and S enantiomers will be formed in equal amounts (a racemic mixture). 
Cl |“ |“ CH3Br CH3Br 
a + "e or Cl н + H Cl 
сну V.H H'/ сн 
Cl CH; CH3 
S R S R 


Greater than 98% is excess of the S enantiomer; the remainder is a racemic mixture. Therefore, greater 
than 99% is the S enantiomer. 


а. A racemic mixture of (R)-malate and (S)-malate would be obtained. (A product with one asymmetric 
center would be formed from a reactant with no asymmetric centers.) 


b. A racemic mixture of (R)-malate and (S)-malate would again be obtained. In the absence of an 
enzyme, the reactions are neither stereoselective (part a) nor stereospecific (part b). 


56. 


57. 


58. 


59. 


60. 


The Reactions of Alkenes: The Stereochemistry of Addition Reactions 
Solved in the text. 


Less of the desired product would be formed from 3-methylcyclohexene than from 1-methylcyclohexene. 
Hydroboration-oxidation of 3-methylcyclohexene would form both 2-methylcyclohexanol (the desired 
product) and 3-methylcyclohexanol, because borane could add to either the 1-position or the 2-position of 
the alkene, since the two transition states would have approximately the same stability. 


CH; CH; CH; 
OH 
1. ВНУТНЕ 
е Шш ——% + 
2. H202, НО”, ЊО 
OH 
_ H5SO, 
a. CH;CH=CH) THOR CH3CHCH3 
OCH; 
Br 
b. CH;CH,CH=CHCH; + Br; сие 
Вг 
CH2 СНОН 
с. 1. R,3BH/THF 
2. НОТ, H505, ЊО 
СН 
CH; СН uus “ 
d. Eg uim 
OY OT Ow C 
CH 
CH; CH; з 
е. НВг 
CT ör СУ Вг 
OCH>CH>CH; 
f. C + CHyCH;CH;OH ===, 
Br CH; СН›СН» CH; 
| | 
a. [овен b. SR c. Br d. oo ак 
Br Br СН» 


electrophile nucleophile 
a. сњенсњ + :Cli ——- CH;CHCH, 
+ ке 


Мы „^^ "m 
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b. nucleophile electrophile 
CH;CH=CH, + н- В: - СЊЕН—СЊ + Br 


с. electrophile 
nucleophile 


CH;CH=CH, 


CH3CH> E CH3BH5 


+ H--BH; 
nucleophile electrophile 
СН» СН; 


| | 
61. a. СНзС= СНСНз + НВг RE СНзС — СН>СНз 


в CH; 
b CH,C—CHCH, + HI ——- CH3;C—CH,CH; 


CH; CH; 


| 
с. CH;C=CHCH; + Cl  ——- CH;C—CHCH; 


CH; О О 
d. бй ай. о | + | 
2. (СНз)5 CH; сн, CHS “н 
СН; СН» 
е. ducc CHCH; = кын 


Lo | нс А 
f. CH,C—CHCH, + RCOOH — 


H3C СН» 
СН» СН; 
| Н,804 | 
g. CH3C—CHCH;, + ЊО Mi — СЊСНа 
OH 
Ma СН» 
h. CH;C=CHCH3 + Br CHO" CH3C — Qm 
Br Br 
СН; СН» 
| | њо 
i. СН5С=СНСН» + Br CH3C — Te 
HO Вг 
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62. 


63. 


64. 


65. 


66. 
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CH; CH; 
. | CHOH | 
j CH3C=CHCH; + Bn ———> CH3C—CHCH3 
CH0 Br 
CH; CH; 


1. BH/THF 
к. CH,C=CHCH, —— .— — CH4CH— CHCH; 
2. H202, НО", H2O | 


OH 


a. 2,2-diethyl-3-isopropyloxirane or 3,4-epoxy-4-ethyl-2-methylhexane 
b. 3-ethyl1-2,2-dimethyloxirane or 2,3-epoxy-2-methylpentane 


First draw the structures so you can see the number of alkyl groups bonded to the sp? carbons: 


CH; CH; CH3 
CHCH = санана cie = CCH,CH,CH; CH3;CH= E 
бн, бн, бн, 
3,4-dimethyl-2-hexene 2,3-dimethyl-2-hexene 4,5-dimethyl-2-hexene 


a. 2,3-Dimethyl-2-hexene is the most stable of the three alkenes because it has the greatest number of 
alkyl substituents bonded to the sp? carbons. 

b. 4,5-Dimethyl-2-hexene has the fewest alkyl substituents bonded to the sp? carbons making it the least 
stable of the three alkenes. It, therefore, has the greatest heat of hydrogenation. 

c. Because it is the most stable, 2,3-dimethyl-2-hexene has the smallest heat of hydrogenation. 


forms a carbocation 


R,BH is the —— OH intermediate, so a 
electrophile pur 1. R,BH/THF pu ue ieee ОМ carbocation 
and H` is the OH 2 ЊО», HOS, H20 г H2504 rearrrangement 


nucleophile can occur 


a. Itis an oxidation reaction because two new С — С] bonds are formed. 
b. Itis neither an oxidation reaction nor a reduction reaction because both a С— O and a C— H bond are 
formed. 


О 
| | О О 


РАВЊУ ч 
а. CHCH; “Сн, CHCH; “н c. 


oxidation oxidation 


H 


b. а 
CH, 


reduction 
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1,2-hydride 
AN shift " 
67. See s CH, + H—Br > uM аы о 
+ 
CH; с) > 
т т 
T iji 
о о 
СН» СН» 
2-bromo-3-methylbutane 2-bromo-2-methylbutane 
СН» 
68. a. CH3C—CCH3 b. CH;—CHCH?;CH;CH;CHs CH, = MM нын 
| 
СН» СН» 


CH; 
This compound is the most stable. | 
It has four alkyl substituents CH2 = СНСНСЊСНа CH3CCH — CH) 


2 | | 
bonded to the sp^ carbons. CH; CH; 


These compounds are the least stable. 
Each has only one alkyl substituent bonded to the sp? carbons. 


69. а. и — >  CH;—C—CH, + CHO 


CH3 


ET p a 
b. CH3C=C—H + ‘NH, ——— CH3C=C: + NB} 


с. ССН, Br + СНз0: —— CH,CH,—OCH; + Br 
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70. 


71. 


72. 


73. 


я 


1. R,BH/THF 


The Reactions of Alkenes: The Stereochemistry of Addition Reactions 


Br 
Br 
OH Pd/C 


2, 
Br» С 


2. H202, НОТ, НО СНС 


г, 1.03, -78 °С 


н, d. CH4CH;CH—CHCH;CH; 
Pd/C 


Вг» 
H,0 


на! CHCH = СН, 
СНзСНСНСН = CH, ——~ е. #80, 
H20 


CH; 
1. RjBH/THE f. CH4jCH;,CH—CHCH,CH,; 
2. НО, НОТ, ЊО 
or 
СН» CH3 
CY and CY 


CH4CH;CH— CHCH;CH4 


Ch 


NaBr 
excess 


Br; 


— > 
NaCl 


excess 


(Note: D stands for deuterium, an isotope of hydrogen; DBr reacts in a manner very similar to HBr.) 
While HBr forms the same product when it reacts with the two alkenes, DBr would form different 


products. They are shown here. 


D 
CHD CH; 


Cw and Br 
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74. а. CH3CCH3 d. 27 
+ 


: | has the more substituted 
tertiary is more stable 


double bond 
than secondary 
т 
+ 
Ь. CH3CHCH3 е. CH3C = CHCH;CH3 
the electron with drawing has the more substituted 
chlorine destabilizes the carbocation double bond 


by increasing the amount of positive 
charge on the carbon 


pma CH3 
с. + 


tertiary is more stable f. 
than secondary 


has the more substituted 


double bond 
75. a. 1. Bothcis- and trans-2-butene give these products; in each case a product with one asymmetric 

center is formed, so the product is a racemic mixture. 

шон н CH; СН; 

Qu out "S na d а-н 
сну \"H H'/ “сн, 

СІ Cl СЊСНз СЊСНза 
5 R S R 


2. Both cis- and trans-2-butene give these products; in each case a product with one asymmetric 
center is formed, so the product is a racemic mixture. 


снн, ECE; CH; CH; 
Сыз de „© - н——он + нон 
сну V'H H'/ “сн; 
OH HO СН›СН» CH;CH; 
S R S R 


3. cis-2-Butene forms a meso compound; the product has two asymmetric centers and only syn 
addition occurs. 
О 
ir 
HUC Сун 
CH; СН» 


trans-2-Butene forms a pair of enantiomers; the product has two asymmetric centers and only 
syn addition occurs. 


O O 
P. às Fi ~ 
Сн VH н”, \ “СН; 
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cis-2-Butene forms the threo pair of enantiomers; a product with two asymmetric centers is formed 
and only anti addition of Br» occurs. 


CH; CH; 
Н.С H H CH; 
= а H BrS Вг H R 
СС = Br + Br™C—C..,, or 
H'/ N / NH Br H$ H BrR 
Br СН; СН; Вг 
S. S R R CH3 CH3 


trans-2-Butene forms a meso compound; a product with two asymmetric centers is formed and only 
anti addition of Вг» occurs. 


CH; 
H3C Br 
\ 3 H Br $ 
ССН ог 
HJ \, H BrR 
Br СН» 
S R CH; 


cis-2-Butene forms the threo pair of enantiomers; a product with two asymmetric centers is formed 
and only anti addition of Br and OH occurs. 


СН» СН» 
HC H H, CH; E 
TN "OIN H OHS HO HR 
кеен "a gu BrR 
HO CH,  CHj OH | i 
S s R R CH; Сн» 


trans-2-Butene forms the erythro pair of enantiomers; a product with two asymmetric centers is 
formed and only anti addition of Br and OH occurs. 


CH; CH; 

H3C ,H de ,CHs HO——HR H OH S 

ноу nd сн Ж "COH ="  Br—-—Hs н Вг К 
R S R S Cis CH; 


Both cis- and trans-2-butene form this product; a product with no asymmetric centers is formed. 


СЊСЊСЊСН 
Both cis- and trans-2-butene form these products; а product with one asymmetric center is formed. 
пын сњон, СН; CH; 
C. + „С ог Н ОН + нон 
CH; V'H H'/ “сн; 
OH HO CH2CH3 СН›СНз 
5 К S R 


Both cis- and trans-2-butene form these products; a product with one asymmetric center is formed. 


(55 (вав СН; СН; 
С. + „С or н осн, + CH3O H 
CH; V'H H'/ “сн; 
ОСН; CH30 CH;CH; CH;CH; 
5 R $ R 
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b. For the cis- and trans-2-butene to form different products, (1) the reaction must form two new asym- 
metric centers in the product and (2) either syn or anti addition must occur (but not both). Therefore, 
the cis and trans alkenes form different products when they react with a peroxyacid, with Вто, and with 
Br 2 in H,O. 


76. a. To determine relative rates, the rate constant of each alkene is divided by the smallest rate constant of 
the series (3.51 x 107%). 


relative rates 


propene = (4.95 X 108)/(3.51 X 10 ^) = 1.41 
(Z)-2-butene = (8.32 x 10 8) /(3.51 x 108) = 2.37 
(E)-2-butene = (3.51 X 1078)/(3.51 x 10%) = 1 
2-methyl-2-butene = (2.15 x 10%) /(3.51 х 1075) = 6.12 x 10° 


2,3-dimethyl-2-butene = (3.42 х 10%) /(3.51 x 10-8) = 9.74 x 10? 


b. Both compounds form the same carbocation but, since (Z)-2-butene is less stable than (£)-2-butene, 
(Z)-2-butene has a smaller free energy of activation. 


c. 2-Methyl-2-butene is more stable than (Z)-2-butene and it also forms a more stable carbocation in- 
termediate (tertiary) and therefore a more stable transition state than does (Z)-2-butene (secondary). 
Knowing that 2-methyl-2-butene reacts faster tells us that the energy difference between the transition 
states is greater than the energy difference between the alkenes. This is what we would expect from the 
Hammond postulate, since the transition states look more like the carbocations than like the alkenes. 


d. 2,3-Dimethyl-2-butene is more stable than 2-methylbutene, and both compounds form a tertiary car- 
bocation intermediate. On this basis, you would predict that 2,3-dimethyl-2-butene would react more 
slowly than 2-methylbutane. However, 2,3-dimethyl-2-butene has two sp? carbons that can react with 
a proton to form the tertiary carbocation, whereas 2-methyl-2-butene has only one sp? carbon that can 
react with a proton to form the tertiary carbocation. The fact that 2,3-dimethyl-2-butene reacts faster 
in spite of being more stable tells us that the more important factor is the greater number of collisions 
with the proper orientation that lead to a productive reaction in the case of 2,3-dimethyl-2-butene. 


77. a. А p. Cl N j” 
C=C has a greater dipole moment than C=C where the C— CI dipoles 
/ IN "4 X Oppose each other 
H CI H CI 
b. Cl H Cl CH; Recall that an sp? carbon is more 
\ „ Хх Я ; 3 
C=C has a greater dipole moment than C=C electronegative than an sp carbón. 
/ Ху / \ Thus, the C — CH; and C —CI dipoles 
H CH; H H reinforce each other, leading to a 
higher dipole, in the compound on 
the left and oppose each other in the 
compound on the right. 
78. a. 
+ + + 
CH,CH, CH;CH; 
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79. 


80. 


81. 
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|“ |“ 
Ин + неросњенсн; 
CH3CH,CH, OH HO 
d. a е 
IN CBS + нү 


CH,CH,CH; 


No, he should not follow his friend's advice. Adding the electrophile to the sp? carbon bonded to the 
most hydrogens forms a secondary carbocation in preference to a primary carbocation. However, in this 
case, the primary carbocation is more stable than the secondary carbocation. The electron-withdrawing 
fluorine substituents are closer to the positively charged carbon in the secondary carbon. Therefore, they 
will destabilize the secondary carbocation more than the primary carbocation. So the major product will 
be 1,1,1-trifluoro-3-iodopropane and not 1,1,1-trifluoro-2-iodopropane, the compound that would be 
predicted to be the major product by following the rule. 


a. 


сор 


+ + 
ЕЗССН» m СН» F3;CCH m СН» 
more stable less stable because of the nearby 
electron-withdrawing fluorines 


н ócu, 
i А 
СНзСН›СН==СН› — ——— СН;СН,СНСН; 


CH3CH5CHCH4 


30H | 


сш 


C H 
CH4ÓH 
ла 
ОСН; 
the first step (See the answer to Problem 9.) 
H* d. 1-butene 
the sec-butyl cation f. methanol 


H CH; 


C 
CH;CH; 

HBr 
CHCH; CHCH; 
H2 
CY Pd/C CY 
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CHCH; CHCH; К СН»СН» 


с. 1. ВНУТНЕ 


А 
2. НО", НО», НО 7 
‘OH OH 


(The H and OH are added to the same side.) 


d. CHCH; в, 


————- 
СНС 


(The two bromines are added to opposite sides 
of the cyclohexane ring.) 


82. CH4CH; H CH,CH; 
b? d Br; 
= H Br 
\ 
H CH,CH, Н Вг 


trans-3-hexene 


a meso compound 


83. енен. ЕН» CH CH, CH CH; 
Br 
Qe ——- Н —1— OH HO—1— H 
+ 
Н Н Br—-—H Н—-— Br 
cis-3-hexene 
CH,CH, CHCH; 
(3S,4S)-4-bromo-3-hexanol (3R,4R)-4-bromo-3-hexanol 
H,0: H - 
20 Б H; б 
# ee 
ма A =“ — о ү, 
H 
| H,0: 
"тун 


85. Five- and six-membered rings are more stable than other size rings. 


a. Either a six-membered ring or a five-membered ring can be formed. However, because the more 
substituted three-membered ring carbon has the larger partial positive charge since it is secondary and 
the less substituted one is primary, the three-membered ring will break in the direction that forms the 
five-membered ring. 


218 


86. 


The Reactions of Alkenes: The Stereochemistry of Addition Reactions 


ra CK Со 


HOCH ,CH,CH,CH— CH, 
O CH,Br О СН»Вг 


major product 
АЙ 
HOCH,CH,CH,CH—CH, en = (X th 
LS a minor Бу 


A six-membered ring will form in preference to a less stable seven-membered ring. (In addition, for- 
mation of the six-membered ring involves the preferred attack on the more substituted ring carbon.) 


" 
(Br 
. X X 
HOCHCH,CH,CH,CH— CH; 
| 


СН,Вг CH3Br 


(ннен, (нано; 
om + E. + CH:CH;CHCH5CH; 
ње UH H'/ “сн, | 
CI cl CI 
5 R 
or 
CH3 CH3 
H GL + a H А снзсњснсњсн: 
СЊСЊСН CH3CH5CH; CI 
S R 
(шешен; шн 
C. + „С + СН:СНСНСНСН; 
P di ^ A 3 2 3 
ЊЕ“ UH н”/ “сн, | 
CI cl CI 
5 R 
or 
CH; CH; 
H CO 4} a H + CH3CH,CHCH>CH; 
| 
CH2CH2CH3 CH2CH2CH3 Cl 
$ R 
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88. 


220 


The Reactions of Alkenes: The Stereochemistry of Addition Reactions 


po poem CH(CH3); CH(CH3); 
К + „С ог СН; н + н—|—сн; 
zou id H"/ ^-CH;CH;CH; 
CH;CH?CH, CH; CH; CH;CH;CH; CH)CH2CH; 
$ R $ R 
+ + 
ној “СН, CH," 
CH; 
5 trans 
Deg. pd 
(CH3)>CCH,CH, | (CH3CCH;CH; CHoBr CHoBr 
i | ог H Br Br H 
P dl V.H н“/ ~ 
BrCH, "Br в“ СНВ" (CHjCCH,CH, — (СНУССЊСНа 
R S R S 
CHCH; CHCH; 
CH;CH H 
а а a ati H—1+—CH; § CH Н R 
н“ ССЗ + 3 У“ Сун ог 
CH;—+—H 5 + H CH, R 
CH3 СЊСЊСН CH3CH»CH> CH; 3 ч 
55 R R CH;CH;CH; CH;CH;CH; 
CHCH; CHCH; 
CHCH "a um у BUS. бн; HR H CH; 5 
ве СС == СНа * Св С—С. сц ог 
CH;7 и ж СН; HS + H CH; R 
H CH;CH,CH, CH;CH;CH; H | 
R S К 5 CH3CH;CH; CH5CH5CH; 


Cl s gCH;CH, — CH,CH, „Cl 
S 
Both 1-butene and 2-butene react with НСІ to form 2-chlorobutane. 


Both alkenes form the same carbocation, and therefore have transition states that are close in energy, but 
because 2-butene is more stable than 1-butene, 2-butene has the greater free energy of activation. 


Both compounds form the same carbocation, and therefore have transition states that are close in energy, 
but since (Z)-2-butene is less stable, it will react more rapidly with НСІ. 


89. 


90. 


91. 


92. 
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Br 
с d. Br 
O O 
a. а "и 
О О 
р. 
ако“ 
О О 
үү и 
О 
О О О О 
d. HC—O + H + 
SAA BA 
О 
о о о " 
H H H 
O 
CH,CH, CH, CHCH; CH,CH, 
H 
єн, CH;CH; CH; H H CH; 
trans-3,4-dimethyl-3-hexene CHCH; CHCH; 
(385,45)-3,4-dimethyhexane (3R,AR)-3,4-dimethylhexane 


3 


СН» СН» СН» CH 
mE О а Q 


1-Methylcyclopentene is the most stable. 
c. Because l-methylcyclopentene is the most stable, it has the smallest heat of hydrogenation. 


CH; CH; 
a. ва У "s А ids | EE H Br$ в HR 
we C—O br Т0 gy or 
E UN ^ NH Br HS H BrR 
Br СЊСНз СН3СН» Вг 
Е s R R CHCH; CHCH; 
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CH; CH; 
b. HC jn H, CH; Br HR H Br 5 
2C —C—Br + Br-C—C., or t 
me N а “Вг Вг HS H BrR 
H CH;CH; CH3CH,; H 
R S R 5 CHCH; CHCH; 
é CHCH; (ен, CH; CH; 
т И o N or H cl + а H 
CH; V “H H'/ СН; 
1 CHCH; CHCH; 
$ R $ R 
d СН» 
Вг 
CHCH; 
е. СНС н H Br 5 
СС Вг ог 
Bry H Вг R 
H CH;CH; | 
R S CHCH; 
a meso compound 
CHCH; CHCH; 
f. CH4CH 
d NN " H, pes H Br$ Br H R 
ac C—C Br Br—C-—C.., or 
Hi X E 'H 
Br CH;CH; сњењ “в; Br C E PES 
55 в К CHCH; CHCH; 


g. The initially formed carbocation is secondary. It undergoes a 1,2-methyl shift to form a tertiary carbo- 
cation that gives the products shown below. 


CHCH; CHCH; 


Br Br 
| | Br СН; R CH; Br 5 
+ + 
or 


2С, wx. 
(CH3),CH \ “СН›СНз CH;CH; / "CH(CH3)5 CHCH; CHCH; 
СН; СН; | | 
R 5 СНз CH3 
h. ш ш CH; СНз 
С; + ‚С ог нв + вн 
CH; \ “н H'/ “СН; 
Вг Вг CH;CH; CHCH; 
5 R $ R 
CH; 
1 H3C H 
\ У H СІ S 
СС сї ог 
C, N H CI К 
СН» 
R S CH; 


a meso compound 
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| CH; CH; 
J. НС H H CH; 
~ E H СІ 5 Cl HR 
peg 0 + CCCs... or + 
/ \ / NE cl H 5 H CIR 
Cl CH3 СН» Cl 
S sS R R CH; СН» 
CH;CH; 
К. CHCH, H 
E H—}—CH; 5 
С=С СН; ог 
СН; / \ н—— CH; R 
H CHCH; | 
R S CH;CH; 
a meso compound 
CH;CH; CH;CH; 
l. CH3CH5 H H СЊСНза 
$ p # H CH; S CH; Н А 
Hee С ©з F СНС Сн ог SE 
\ / \ СН; H 5 H CH; R 
СН» CH2CH3 CH3CH5 СН» 
S S к К СЊСНз CH2CH3 
93. The first product would not be formed, because none of the bonds attached to C-2 were broken during the 


reaction. Therefore, the configuration at C-2 cannot change. 


94. Diazomethane is a very reactive compound because the triple-bonded nitrogen has a strong propensity to 
depart from the carbon in order to form a very stable molecule of nitrogen gas. As it departs, the nucleo- 
philic alkene attacks the electrophilic carbon, and in the same step, the lone pair is the nucleophile that 
adds to the other sp? carbon of the alkene. 


CH=CH, — wes + № 
J 


П 
?CH,-N=N 


95. The С — Zn bond of the Simmons-Smith reagent has the same polarity as the C— Mg bond of a Grignard 
reagent. Therefore, 


- + 
I—CH;--Znl reactsasifit меге I—CH, 21 


[\ єн, ES Г 
% A 


CH=CH, 


96. a. The base removes a proton. Then do what is needed to get the known product of the reaction. 
С1 С1 С1 
In {> | | 
CI—C--H + HO: т асе — ~~ Cec + CL 


| | 
Cl Са 
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b. Notice that this reaction has the same mechanism as that in part a except that instead of a base remov- 
ing a proton and leaving behind its bonding electrons, heat causes CO, to be removed leaving behind 
its bonding electrons. 


| O y T 
Е ace A 
Cl Ler gs — 5 = СС + CI 
Nat 
Cl Ка“ Са 
+ CO, 


99. Вг Вг 
НВг | | 
С. + "m. 
a YN CH4 EN 
CH3),CH V “Сн; FA 
ас. “о CHCH, CH(CHs)s 
5 R 
сне.  " СН(СН;)» 
Вг СН; + СН; Вг 
CH;CH; CH;CH; 
S R 
СН» СН» 
а” Sees > H H Br 5 B H в 
Е С с ОСН; в m or i | 
я К № "Br 
НИ СН(СН.)» (снусн үм CH30 CHS СН; OCH;R 
55 >. CH(CH3); CH(CH3); 
OH OH 
H2SO4 | | 
H;O pm * сн 
CH;).CH \ “Сн; 3 № 
снн UM CHCH, CH(CHs)2 
$ R 
or 
CH(CH3) CH(CH3) 
HO CH; CH; OH 
CH;CH; CH;CH; 
5 R 


224 


The Reactions of Alkenes 


: The Stereochemistry of Addition Reactions 


H H 
Ho l | | 
РАС | Ot ee С 
НС 
CH,),CH Y ‘CH3 3> A 
(CH3)2 CHCH; CHCH, CH(CH3)3 
R & 
or 
CH(CH3) CH(CH3) 
H CH; CH; H 
CHCH; CHCH; 
R S 
CH; 
H CH H3C 
Br? м. an B: Br ms 7 H H Br 
CHCl JC—ec aT T Co C gr ог 
Xb ^ gp № A Мы” Вг CH BrR 
СН; CH(CH3)2 (CH3)2CH CH; 35 
S S в R CH(CH3)2 CH(CH3)? 
CH 
H3C H H СН» 
1. BH/THF ~ ~ © т H OH m 
м x Rom puc on + iR m or 
. ‚ 112472, 112 
HO CH(CH3)2  (CH3)2CH bee CH СНЕ 
5 S R R CH(CH3); ш 
СИ» 
H CH; HC H 
Вг» Ng E ( Єл 7 H~ y~ Br 
њо вч СОН + M aC" or 
2 | = 
CH; ссн), (нән | X, НО Өчүн SS 
55 R CH(CH3); CH(CH3); 


ss 


ы — ө, 
[+ — > 
"n =) 
| :Вг 
У on 
The initially formed carbocation is tertiary. 


c. The rearranged carbocation is secondary; it undergoes another rearrangement to a more stable tertiary 
carbocation. 

d. The initially formed carbocation rearranges in order to release the strain in the four-membered ring. 
(A tertiary carbocation with a strained four-membered ring is less stable than a secondary carbocation 
with an unstrained five-membered ring.) 
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103. 


104. 
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2-Methylpropene will be hydrated more rapidly. 

1. It is more reactive than the chloro-substituted alkene, because the electron-withdrawing chlorine 
makes the alkene less nucleophilic. 

2. The carbocation intermediate that 2-methylpropene forms (and therefore the transition state leading to 
its formation) is more stable, because the electron-withdrawing chlorine increases the amount of posi- 
tive charge on the carbon. 


It tells us that the first step of the mechanism is the slow step. If the first step is slow, the carbocation will 


react with water in a subsequent fast step, which means that the carbocation will not have time to lose a 
proton to reform the alkene, so all the deuterium atoms (D) will be retained in the unreacted alkene. 


{У Ср» Hoe уе CHD, —c—- (ramen CHD 


НО 


OH 


fast 


If the first step were not the slow step, an equilibrium would be set up between the alkene and the carboca- 
tion and, because the carbocation could lose either H* or D* when it reforms the alkene, all the deuterium 
atoms would not be retained in the unreacted alkene. 


Because fumarate is the trans isomer and it forms an erythro product, the enzyme must catalyze the anti 
addition of D5O. (Recall: CIS-SYN-ERYTHRO, which allows TRANS-ANTI-ERYTHRO but does not al- 
low TRANS-SYN-ERYTHRO, since two terms must be changed.) 


When (S)-3-methyl-1-pentene reacts with СЬ, a compound with а new asymmetric center (*) is formed. 
The relative configuration of the asymmetric center in the reactant does not change because no bonds to it 
are broken during the course of the reaction. 


CH, СН; 
| | 
С ат Cl C ay 
fux B E Ре 
CH,= CH CH,CH, CICH,— CH CH,CH, 
(S)-3-methyl-1-pentene 6 


The new asymmetric center can have either the К or the 5 configuration. Therefore, a pair of diastereoiso- 
mers is obtained. 


ccm, Н Cl H 
He СНз p С— ССН, 
Cl CH,CH, CICH, CHCH; 


(2R,3S)-1.2-dichloro-3-methylpentane — (28,35)-1,2-dichloro-3-methylpentane 


The Reactions of Alkenes: The Stereochemistry of Addition Reactions 


105. а. A proton adds to the alkene, forming a secondary carbocation, which undergoes a ring-expansion rear- 


rangement to form a more stable tertiary carbocation. 


H н,ӧ 
+ CH, Кор СН 
H H—CH H HCH 3 
4C. CH=CH) 4C. (CHCH; CH; | CH, 
HSoso3H Hö: 


HO CH, 


106. 


F H,0° 
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Practice Test 


Which member of each pair is more stable? 


CH3 СН» 


| 
a. CH3CHCH;CH; or CH CCH d. CH; 


+ + 
b. CH3CH;5CH5CH5 or СЊСЊСНСНза 
+ + NX 
c. СЊСЊСЊ or CICH;CH;CH, e. E: =C or с=с 
\ 
H CH; H Н 
Which would be a better compound to use as a starting material for the synthesis of 2-bromopentane? 
CH4CH;CH;CH =CH, or CH;CH;CH-— CHCH; 
The addition of H, in the presence of Pd/C to alkenes A and B results in the formation of the same alkane. 


The addition of H, to alkene A has a heat of hydrogenation (— AH?) of 29.7 kcal/mol, whereas the addition 
of Н» to alkene B has a heat of hydrogenation of 27.3 kcal/mol. Which is the more stable alkene, A or B? 


What is the major product of each of the following reactions? 
СНз 
а. а онен + HBr —— 
СН» 
b. CH3CHCH—CH,; + HCl 


с. CH;CH,CH=CH, + Ch 


js 
d. Е + HBr —— 
CH; 


e. CHCH—CH; + „С, к 
R OOH 


1. R,BH/THF 


f. CH,CH— CH, BETHE 
or 2. НО, H,0,, HO 


What product would be obtained from the hydroboration-oxidation of the following alkenes? 


a. 2-methyl-2-butene b. l-ethylcyclopentene 


The Reactions of Alkenes: The Stereochemistry of Addition Reactions 


Indicate how each of the following compounds could be synthesized using an alkene as one of the starting 
materials: 


CH; 
a. — —- CH;CCH)CH; 
CH; 
OH 
b. mu 
с. 


.: 
| О 


— © 


Indicate the carbocations that you would expect to rearrange to give a more stable carbocation. 


Cl 
СН» 
Вг 
3 
OH 


СН» СН» 
СН» 
| + 
CH3CH,CHCHCH; CH3CH,CHCH3; 
+ + 

Indicate whether each of the following statements is true or false: 
a. The addition of Br, to 1-butene to form 1,2-dibromobutane is a concerted reaction. Т F 
b. The reaction of 1-butene with НСІ will form 1-chlorobutane as the major product. T F 
c. 2,3-Dimethyl-2-pentene is more stable than 3,4-dimethyl-2-pentene. T F 
d. Thereaction of HBr with 3-methylcyclohexene is more highly 


regioselective than is the reaction of HBr with 1-methylcyclohexene. 
e. Thereaction of an alkene with a carboxylic acid forms an epoxide. 
f. Acatalyst increases the equilibrium constant of a reaction. 


The addition of HBr to 3-methyl-2-pentene is a stereospecific reaction. 


sow 


The addition of HBr to 3-methyl-2-pentene is a stereoselective reaction. 


5 = === = = 
пп отот оч мн 


| 
. 


The addition of HBr to 3-methyl-2-pentene is a regioselective reaction. 


Draw all the products that would be obtained from each of the following reactions, indicating which 
isomers are formed: 


a. l-butene + HCl c. trans-3-hexene + Br, 


b. 2-pentene + НВг d. trans-3-heptene + Br; 
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10. Draw the stereoisomers that would be obtained from each of the following reactions: 
a. Во с. Н 
CH,Cly Pd/C 
CH3 СН» CH; CH3 
b Вто а H2 
CHCl, Pd/C 
CH; CHCH; CH; CH;CH3 


Answers to Practice Test 


CHs А HBC, а 
1. а. CH3CCH; c. CH3CH,CH, е. ee 
H CH; 
; CH; 
b. CH,CH,CHCH, d. 
2. CH3CH;CH5;CH = CH5 3. B 
CH, сњ 
4. а. CH3CCH5CH5 d. ени сене 
Вг Вг СН; 
СН» 
О 
ZN 
b. CH;CCH,CH; e. CH4CH—CH, 
Cl 
CH;CH;CH;OH 
c. CH,CH;CHCH;CI f. 
| 
OH 
с СН»СН» 
5. а. ш b. он 
OH 
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т 
а. HEN =CH, 
CH; 


" 
CH4CH;CHCHCH; 


CH; 
H5 | 
Pd/C SPESSO 
CH; 
OH 
Cl 
CH; 


CH; 
с HBr 
CH; 
d. 1. BH; 
2. НО”, ЊО», 


. The addition of Br; to 1-butene to form 1,2-dibromobutane is a concerted reaction. 


2,3-Dimethyl-2-pentene is more stable than 3,4-dimethyl-2-pentene. 


a 
b. The reaction of 1-butene with НСІ will form 1-chlorobutane as the major product. 
с 
а 


. The reaction of HBr with 3-methylcyclohexene is more highly regioselective 
than the reaction of HBr with 1-methylcyclohexene. 
The reaction of an alkene with a carboxylic acid forms an epoxide. 
A catalyst increases the equilibrium constant of a reaction. 


. The addition of HBr to 3-methyl-2-pentene is stereoselective. 


e 
f 
g. The addition of HBr to 3-methyl-2-pentene is stereospecific. 
h 
i 


The addition of HBr to 3-methyl-2-pentene is regioselective. 


CI 


CI 


a. CH3CH5 E СН; + СН; E СН»СН» 


н 


Вг 


b. CH. CH On сн, + єн, ——сн›снсн; 
H 
+ анн 


н 


н 


Вг 


CHCH; 


am 


- без ез ез ез ез 


CHCH; 


CH,CH>CH; 
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The Reactions of Alkynes • An Introduction to Multistep Synthesis 


Important Terms 


acetylide ion 


aldehyde 


alkylation reaction 
alkyne 


carbonyl group 


enol 


geminal dihalide 
internal alkyne 


keto-enol tautomers 


ketone 


т-сотрех 


the conjugate base of a terminal alkyne. 
RC=C™ 


a compound with a carbonyl group that is bonded to an alkyl group and to a 
hydrogen (or bonded to two hydrogens). 

О О 

| ог | 
м 2 


С 


М. 


R 


a reaction that adds an alkyl group to a reactant. 
a hydrocarbon that contains a triple bond. 
a carbon doubly bonded to an oxygen. 
О 
| 
A М. 
an alkene with an OH group bonded to one of the sp? carbons. 


OH 
| 


wes, 
a compound with two halogen atoms bonded to the same carbon. 
an alkyne with its triple bond not at the end of the carbon chain. 


a ketone or aldehyde and its isomeric enol. The keto and enol tautomers differ only 
in the location of a double bond and a hydrogen. 


О OH 


| | 
ЕСЊСЕ —===— RCH=CR 


keto enol 


a compound with a carbonyl group that is bonded to two alkyl groups. 
O 
| 


а complex formed between ап electrophile and a triple bond. 


From Chapter 7 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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radical anion 


retrosynthetic analysis 
or retrosynthesis 


tautomerization 


tautomers 


terminal alkyne 


vinylic cation 


vinylic radical 


234 


a species with a negative charge and an unpaired electron. 


working backward (on paper) from a target molecule to available starting materials. 


interconversion of tautomers. 

constitutional isomers that are in rapid equilibrium; for example, keto and enol 
tautomers. The keto and enol tautomers differ only in the location of a double bond 
and a hydrogen. 

an alkyne with its triple bond at the end of the carbon chain. 


a species with a positive charge on a vinylic carbon. 


a species with an unpaired electron on a vinylic carbon. 


The Reactions of Alkynes * An Introduction to Multistep Synthesis 


Solutions to Problems 


1. The general molecular formula of а noncyclic hydrocarbon is С„Нә„+2. Therefore, the molecular formula 


for a noncyclic hydrocarbon with 14 carbons is C14H30. 


Because a compound has two fewer hydrogens for every ring and 7 bond, a compound with one ring and 
4 4r bonds (2 triple bonds) would have 10 fewer hydrogens than the С„Н›„+> formula. 
Therefore, the molecular formula is СН». 


2. a. СІСНСНС== CCH5CH3 
b. 
3. HC = CCH2CH2CH2CH3 
1-ћехупе 
butylacetylene 


CH;CH,»CHC=CH 


| 
CH; 


3-methyl-1-pentyne 
sec-butylacetylene 


. 5-bromo-2-pentyne 
b. 6-bromo-2-chloro-4-octyne 


6-methyl-2-octyne 


]-hepten-4-yne 
4-methyl-1,4-hexadiene 
с. 5-vinyl-5-octen-1-yne 
one of the functional groups 
cannot be included in the 
parent hydrocarbon 


p a. (E)-2-hepten-4-ol 


8. alkane — pentane 


c. CH3;CHC=CH 


| 
CH; 


d. CH,CH,CHC-CCH,CHCH, Ё 


CH3C-—CCH?;CH?CH3 


2-hexyne 
methylpropylacetylene 


CH3CHCH2C = CH 
| 
СН» 
4-methyl-1-pentyne 
isobutylacetylene 


CH; 

| 
СН3СС=СН 

| 

CH; 


3,3-dimethyl-1-butyne 
tert-butylacetylene 


[s 
e. HC-CCH;CCH, 

| 

CH; 


CH3C = CCH3 


CH3CH2C = CCH2CH3 
3-hexyne 
diethylacetylene 


CH.CHC=cCH, 


| 
СН; 
4-methyl-2-pentyne 
isopropylmethylacetylene 


с. 1-methoxy-2-pentyne 


d. 


© @ 


Ь. 


alkene = 1-pentene 


3-ethyl-1-hexyne 
5-ethyl-A-methyl-1-heptyne c. 
3-butyn-1-ol 


1,3,5-heptatriene 
2,4-dimethyl-4-hexen-1-ol 


1-hepten-5-yne с. 


alkyne = 1-pentyne 


2-bromo-4-octyne 


(E)-4-hepten-1-yne 
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12. 


13. 


14. 


15. 


16. 
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The cis isomer has a higher boiling point because it has a small dipole moment, whereas the dipole moment 
of the trans isomer is zero. 


a. sp-sp d. sp-sp б. зр:—5р 
b. sp-sp e. sp—sp h. sp-sp 
c. sp-sp f. sp*—sp” 1. sp’—sp 


Solved in the text. 


Br Br 
a. CH,—CCH; с. ет е. Him 
1 k A 
Br Br Br Br Br 
b. бы Сй д. quale f. aidoma + онон сенен. 
Е ke на ві 5s 


‘Br: CBr: Br 


ZN | 
а. CHC = cc; ===> CH. —CCH; — Ces 


: Br: Br 


b. Only anti addition occurs, because the intermediate is a cyclic bromonium ion. Therefore the product 
will have the E configuration. 


Because the alkyne is not symmetrical, two ketones will be obtained. 


О О 


| | 
СНзСН>ССН>СНСН>СНз and CH3CH;CH?CCH?CH;CHs 


a. CH,C=CH b. CH;CH,C=CCH>CH; с. =c Y 


The best answer for b is 3-hexyne, because it would form only the desired ketone. 2-Hexyne would form 
two different ketones, so only half of the product would be the desired ketone. 


OH 
| Because the ketone has identical substituents bonded to the 
а. СН›=ССН» carbonyl carbon, it has only one enol tautomer. 
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OH OH 


| | 
b. CH4CH—CCH,CH;CH, and CH,;CH,C—CHCH,CH; 


E and Z isomers are possible for each of these enols. 


H OH H СН»СН»СН» НО H HO СН»СН» 
\ / \ / \ / \ / 
C=C C=C C=C C=C 
/ X / / N / N 
СН» СН»СН»СН»_ СН; ОН CH3CH5 CHCH; CH3CH, H 
E Z E Z 
OH OH Because each enol has identical 


__ | | groups bonded to one of its sp? carbons, 
с. С=С апа CH3C Е апа Z isomers аге not possible 


for either enol. 


О О О О 


| | | | 
17. а. (1) СЊСЊССНз b. (1) CH;CH,CCH3 с. (1) СЊСЊСЊССНа and СЊСЊСЕСЊСНза 


О О О О 


| | | | 
(2) СЊСЊСЊСН (2) CH;CH;CCH; (2) CH,CH;CH;CCH, and  CH4CH;CCH;CHs 


18. Ethyne (acetylene) 
An alkyne can form an aldehyde only if the OH group adds to a terminal sp carbon. In the acid-catalyzed 
addition of water to a terminal alkyne, the proton adds to the terminal sp carbon. Therefore, the only way 
the OH group can add to a terminal sp carbon is if there are two terminal sp carbons in the alkyne. In other 
words, the alkyne must be ethyne. 


H 
19. a. CH3;CH,CH,C=CH or CH3CH,C=CCH3 sae CH3CH5;5CH5CH5CH5 
1-pentyne 2-pentyne 
H H 
Ё — H2 м 
. CHC = CCH; da „С=С, 
2-butyne catalyst H H 
CH3CH5 H 
CH3CH,C—CCH № bp C 
с. = ——————- == 
з= 3 мн, (liq) / 
2-pentyne —78°С H СН» 
H 
d. CH3;CH,CH»,CH,C = CH mm CH3CH5CH5CH5CH = СН» 
1-һехупе catalyst 


Na/NH;(liq) cannot be used to reduce terminal alkynes, because Na will remove the hydrogen that is 
attached to the sp carbon of the terminal alkyne. 


2RC=CH + 2Na 


2RC=C + 2Na* + Н, 
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22. 


23. 


24. 


25. 
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Ио а но A 


+ udin dad 
OH 
O 
c. „мыш мые É Pw + dii aii d 
О 
The reaction of sodium amide with an alkane will not favor products because the acid that would be formed 


is a stronger acid than the alkane (the reactant acid). (Recall that the equilibrium favors reaction of the 
strong acid (or strong base) and formation of the weak acid (or weak base)). 


CHCH; + NH, — CHCH + NH; 
pK, > 60 pK, = 36 
weaker acid weaker base stronger base stronger acid 


The base used to remove a proton must be stronger than the base that is formed as a result of proton 
removal. Therefore, the base used to remove a proton from a terminal alkyne must be a stronger base than 
the conjugate base of the terminal alkyne. A terminal alkyne has a pK, — 25. In other words, any base 
whose conjugate acid has a pK, greater than 25 can be used. 


a. CH4CH;CH9CH, > CH4CH;CH—CH > сњењс=с 
"NH, > CH;C=C > СЊСЊО > Е 


a. Solved in the text. 
ЊЕС == Сн 
A triply bonded (sp) carbon is more electronegative than а doubly bonded (sp?) carbon. Therefore, а 
triply bonded carbon with a positive charge would be less stable than a doubly bonded carbon with a 
positive charge. Thus, the vinyl cation is more stable. 


Solved in the text. 


1. NaNH; 
а. н=сн — < бсн,сн›СНн›С=сн 
2. CH3CH5CH5Br 


"D 1. Ман, E H,/Lindlar catalyst __ 
b. НС=СН 2. CHBr CH3C —CH = СНзСН== СН» 
H3C CH; 
u 1. NaNH; o 1. NaNH; e н» \ / 
с. Не’ ба = а = с=с 
2. CH3Br 2. CH3Br Lindlar 
catalyst H H 
O 
1. К,ВН/ТНЕ | 


d. product of a CH3CH5CH;5CH5CH 


2. HO, НО», О 


27. 


28. 


29. 
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HBr 


e. product of b СН»СНСН» 
| 
Вг 
Cl 
= 1. NaNH5 = excess НСІ | 
f. HC=CH 2 ж CH3C = CH — СН»ССН» 
2. СН3Вг | 
Cl 
Cl Cl Cl 
| | | 
а. EIS C. CH3CH;CH;CCH5CH;CH;, +  CHaCH;CCH;CH;CH;CHa 
| | 
С1 С1 С1 
equal amounts 
Cl 


| 

b. CH4CH;CH;CCH;CH; 
| 
С1 


а. CH3C=CCH,CH2CH3; 


b. CH3CH;C-— е 
CH2CH3 


с. CHIOESCH 


d. CH =CHC=CH 


f. ли =-ССНСЊСНза 


5. ВІС== ССН,СН›СН; 


он 
h. 
CH; 
i. CH;CH»>C=CCH)CH; 
CH; CH; 


| | 

i. CHCC = CCCH; 
| | 
CH. CH; 


k. M 


CH; 


| 
1. сњс= CCH/CHCHCHS 


СН» СН» 
The student named only one correctly. 
a. 4-methyl-2-hexyne b. 7-bromo-3-heptyne C. correct d. 2-pentyne 
NS ‘Br: 
УХ " | 
CH4CH,C—CH + :Br: овна 
cA 
:Вг: 
electrophile nucleophile U 


=é Ш ИРИНЕ ee 
CH3C=C—H + :NH, — - CH;C=C: + NH; 


electrophile nucleophile 
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сње=<7 се — CH;C=CCH; + :Вгг 
NU d 
nucleophile electrophile 
(Methyl bromide is an electrophile because the carbon has a partial positive charge.) 


31. a. 5-bromo-2-hexyne c. 5,5-dimethyl-2-hexyne e. 


1,5-cyclooctadiene 
b. 5-methyl-2-octyne 


d. 6-chloro-2-methyl-3-heptyne f. 1,6-dimethyl-1,3-cyclohexadiene 


O 
1. Но, Lindlar catalyst /N 
32. ЕСЊСНз 2. ЕСООН RCH— СН» 


О 
excess 
RCH = CH) Hp, Pd/C 
RCHCH; 
| 1. Hy/Lindlar catalyst 
H)/Lindlar EN 7. в 2. HBr 


Br excess HBr RC=CH H50/H5S0, 


RCCH; | 
p, 1598 HBr 1. RjBH/THF REUS 
2. НО”, Њ0;, НО О 
| 
ii = CH) RCH;CH 
Br 


33. 


First draw the straight-chain compounds with seven carbons; then draw the straight-chain compounds with 
six carbons and one methyl group; then draw the straight-chain compounds with five carbons and two 
methyl groups (or with one ethyl group). Naming them will tell you if you have drawn one compound 
more than once because if two compounds have the same name, they are the same compound. 

HC = CCH2CH2CH2CH2CH3 


CH3C = CCH;CH;?CH,CHs CH3CH2C = CCH»CH»CH3 


1-heptyne 2-heptyne 3-heptyne 
pentylacetylene butylmethylacetylene ethylpropylacetylene 
CH3CH,CH,CHC = CH CH3CH,CHCH,C = CH CH3CHCH,CH,C = CH 
| | | 
СН» CH; СН; 


3-methyl-1-hexyne 4-methyl-1-hexyne 5-methyl-1-hexyne 


isopentylacetylene 
CH3CH2CHC = CCH3 


| 
CH; 


4-methyl-2-hexyne 
sec-butylmethylacetylene 


CH; 


| 
CH3CC = ССН; 
| 


4,4-dimethyl-2-pentyne 
tert-butylmethylacetylene 
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CH;CHCH,C=CCcH; 


| 
СН; 


5-methyl-2-hexyne 
isobutylmethylacetylene 


CH; 
| 
CH4CCH;C— CH 


| 
CH; 


4,4-dimethyl-1-pentyne 


CH;CHC=CCH,CH; 


| 
CH; 


2-methyl-3-hexyne 
ethylisopropylacetylene 


CH; 
| 
CH4CH;CC — CH 
| 


3,3-dimethyl-1-pentyne 
tert-pentylacetylene 


34. 


35. 


36. 


37. 


38. 
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CH,CH3 СН» 
| 
CH3CH,CHC = CH CH3CHCHC = CH 
| 
СН» 
3-ethyl-1-pentyne 3,4-dimethyl-1-pentyne 


Addition of Br, to the triple bond in the presence of H5O forms an enol that immediately tautomerizes to a 
ketone. 


О 
B || 
СН»СН»СН»С =CH 2 CH4CH5CH;C —CHBr === СН;СН,СН,ССН,Вг 
H,O | 
OH 
O 
__ 1. RjBH/THF | 
а. CH4CH;CH;C—CH СН3СН»СН»СН»СН 


2. НО; НО, ЊО 


1.ВН 
b. сњсњсен=<Њњ ———————> СН3СН›СН»СН›ОН 
2. НО; H50», НО 


О 


HSO | 
с. CH,CH;CH;C-CCH;CH;CH, + но —— —-- CH3CH,CH,CCHCH,CH>CH; 


This symmetrical alkyne will give the greatest yield of the desired ketone. 
Because the reactant is not a terminal alkyne, the reaction can take place without the mercuric ion 
catalyst. 


a. H,/Lindlar catalyst b. Na, NHs(liq), —78 °C с. excess Н,, Pd/C 


Br Br 
| | 
а. CH;—CCH, d. BrCHCCH; 2. CH3CH2CH3 ў. CH3C=CCH>CH>CH; 
| | 
Br Br 
Br О 
| | 
b. ere e. CH3;CCH; h. CH;CH==CH) 
Br 
Br CH; О 
\ Ж || . _ 
с. „с = С. f. CH4CH;CH i. CHa4C-C 
H Br 
a. l-octen-6-yne d. 5-chloro-1,3-cyclohexadiene 
b. cis-3-hexen-1-ol or ( E)-3-hexene-1-ol e. l-methyl-1,3,5-cycloheptatriene 


c. 1,5-octadiyne 
The molecular formula of the hydrocarbon is C32H56. 


With one triple bond, two double bonds, and one ring, the degree of unsaturation is 5. 
Therefore, the compound is missing 10 hydrogens from С„Нә„+2 = Собе. 
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| 
40. a. CHCH = CCH; е. CH3CCH;CH; 1. по reaction 
| 
Br 
Br | 
| 
b. CH34CH;CCH; f. CH;3CCH;CH; j. no reaction 
| 
Br 
Br CH; 
N 4 
с. С: 2. CH4CH5;CH;CH4 
H3C Br 
Br Br H3C СН; 
| | \ / 
d. CHiC—CCH; h. с=с 
| | 
Вг Вг Н H 
Al а. we RT d. ee ea 
OH 
b ДИ е. P-— + de ded 
OH 
liu SU T à 


H 
н, Н,50 | 
42. а. 1. СН-СНСЕЕСН = сњенсн=сњ  —— ай ч ==» CH4CCH;CH; 
| Lindlar | | | Е 
СН; catalyst СН; СН; CH, 
H20 
рн 
CH3CCH2CH3 
| 
СН» 
Е 2 = 1. BHJ/THF 
2. Lr NE тт ТЕ 5 н.о, но њо" н 
СН» catalyst CH; CH; 
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b. 3-Methyl-2-butanol will be a minor product obtained from both 1 and 2. 
OH 


| 
CH;CHCHCH; 
CH; 


3-methyl-2-butanol 


3-Methyl-2-butanol will be obtained from 1, because occasionally water will attack the secondary car- 
bocation before it has a chance to rearrange to the tertiary carbocation. 

3-Methyl-2-butanol will be obtained from 2, because in the second step of the synthesis boron can also 
add to the other sp? carbon; it will be a minor product because the transition state for its formation is 
less stable than the transition state leading to the major product. Because a carbocation is not formed as 
an intermediate, a carbocation rearrangement cannot occur. 


(The proton cannot add to the other sp? carbon in the second step of part 1 because that would require 
the formation of a primary carbocation in the second step of the synthesis. Primary carbocations are so 
unstable that they can never be formed.) 


43. Three of the names are correct. 
a. 3-heptyne €. correct e. correct 
b. 5-methyl-3-heptyne d. 6,7-dimethyl-3-octyne f. correct 
44. Only c and e are keto-enol tautomers. Notice that an enol tautomer has an OH group bonded to an sp? 
carbon. The structures in d are not enol tautomers, because they do not have the oxygen on the same 
carbon. 
О 
H20, Њ,804 | 
45. а. HC=CH ——-—— — CH,—CHOH === CH4CH 
HgSO, 
enol 
b. 
EE 1. NaNHp = H u Bn 
HC=CH 2. CH4CHjBr CH3CH2C = CH Lindlar = CH3CH2CH = СН; ССнәСЬ ико 
catalyst Br 
О 
_ 1. мамњ _ H20, 680, | 
с. HC=CH 7; CHyBr" HC = CCH; eso, ^ CH3CCH3 
d. 
1. МаМНн» 1. МаМн» Na 
HC=CH ————+ HC=CCH3 —— — —- CH3C=CCH2CH3 —————»= „чу „т 
2. CHBr 2. CH3CH>Br NH; (liq), -78°C 
__ 1. NaNH; u 1. Ман» __ H5 
& ee а CHBr HOS COM 7 CH;CH>Br CHSC-CCEGCHS indar 22 
catalyst 
EP 1. NaNH5 mE 1. NaNH5 m excess Н Ро 
f. HC=CH 2. CHSBr > НС= ССН; 2.CH;CHjBr CH3C =ССН»СН» РИС 


46. The first equilibrium lies to the right because HOOH (pK, = 11.6) is a stronger acid than H,O 


(pK, = 15.7). 
The second equilibrium lies to the left because the alkyne (pK, = 25) is a weaker acid than HOOH 
(pK, = 11.6). 
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47. a. Syn addition of H, forms cis-2-butene; when Br, adds to cis-2-butene, the threo pair of enantiomers is 
formed. 


CH; CH; 
H Br В H n" Ка А E В „СНз 
ог mox — (С Н 
Вг H H Br Hey а СМ 
Вг 3 CH; Br 
CH; CH; 


b. Reaction with sodium and liquid ammonia forms trans-2-butene; when Br, adds to trans-2-butene, а 
meso compound is formed. 


CH; 
СН» H 
H Br С s 
or С Сон 
H* N 3 
H Br " В. 
CH; 


c. Anti addition of Cl, forms trans-2,3-dichloro-2-butene; when Br; adds to trans-2,3-dichloro-2-butene, 
a meso compound is formed. 


CH; 
CI Br CH; ке 
ог \c— c CH; 
СІ Вг су N 
Br Br 
CH; 
| | | 
48. а. CH,CH;CCH, b. сњењсњссњ е Өх d. ( s 
но О 
"m u 1. NaNH) u #80, | 
. a НС=СН сања СНЗСН:ОНЈСНЊ:С==СН но,” CHsCH,CH,CH,CCH; 
b. HC=CH o CH3CH5C = CH ч CH3CH5CH = CH CHCH CHCH 
: = 2. СН;СН,Вг = Lindlar M E 3 Й 2 
catalyst Br 
c. 
H2O 
—_ 1: МаМн» — H5 H»SO4 
HC=CH сан CHsCHsCH,C=CH т” CH3CHsCH,CH=CH, саасан, 
catalyst OH 


O 
1. R,BH/THE | 
а. № C=CH ue а { Усы 
2. НО“, НО», ЊО 
О 
__ НО, Н›504 | 
е. с=сн НЕО, = Сен, 
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Н, \ / 
f. c=ccH, —— с=с 
Lindlar \ 
catalyst СН» 
50. The chemist can make 3-octyne by using 1-һехупе instead of 1-butyne. He would then need to use ethyl 


bromide (instead of butyl bromide) for the alkylation step: 


1. NaNH, 
2. СЊСЊВг 


CH;CH)CH,CH,C=CH CH3CH?CH;?CH;C = CCH;CH; 


Or he could make the 1-butyne he needed by alkylating ethyne: 


__ 1. Мамн; __ 
51. a. Only one product is obtained from the hydroboration-oxidation of 2-butyne because the alkyne is 


symmetrical. Two different products can be obtained from hydroboration-oxidation of 2-pentyne 
because the alkyne is not symmetrical. 


CH;C=CCH; CH;C=CCH,CH; 

1. ВНУТНЕ 1. ВНУТНЕ 

2. HO; H202, ЊО 2. HO; H202, ЊО 

О О О 

[ | | 
CH4CH;CCH; CH4CCH;CH4CH, + CH4CH;CCH;CH; 


b. Only one product will be obtained from hydroboration-oxidation of any symmetrical alkyne, such as 
3-hexyne or 4-octyne. 


CH,CH,C=CCH,CH; CH3CH,CH,C =CCH.CH>CH; 
3-hexyne 4-octyne 
52. a. The first step forms a trans alkene. Syn addition to a trans alkene forms the threo pair of enantiomers. 

СН›СНз CHCH; 

H D D H CH3CH5 H H, pos 

or С=С + С— С.Н 
р H H D Hey 70 Dw № 
D СН»СН» CH;CH, D 

СЊСНз CH»CH3 


b. The first step forms a cis alkene. Syn addition to a cis alkene forms the erythro pair of enantiomers but, 
since each asymmetric carbon is bonded to the same four groups, the product here is a meso compound. 


CH5CH;5 
H D CH3CH> D 
or -С— С. 
Н р Hy тн 
D СН»СН» 
СН»СН» 
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53. (3E,6E)-3,7,11-trimethyl-1,3,6,10-dodecatetraene 


The configuration of the double bond at the 1-position and at the 10-position is not specified because 
isomers are not possible at those positions, because there are two hydrogens bonded to C-1 and two methyl 
groups bonded to C-11. 


NaNH ~ СНВ МаМн» = 
54. а. нс=сн ———— НСС НО === ЗС 


СЊСЊСЊСЊСНЊВг 
е у оа 
H: 
с=с —— CH4CH;CH;CH;CH4C = CCH; 
РА \ Lindlar catalyst 
H H 
NaNH> СНзСН,Вг Ман» 


b. HoscH === нс=с- = “== нс=ссн›сн; >, C=CCH,CH; 


СЊСЊСНЊВг 
CHCH н 
с=с № ____ сн,сн›СН›С=ССН›СН» 
4 N. МН; (liq), - 78 °C 
H CH3CH5CH; 


55. If НО“ and HOOH are added at the same time as BH; (ог КВН), НО“ is a better nucleophile than the 
alkyne (no bonds have to be broken when HO reacts with the electrophile), so НО’, instead of the alkyne, 
will react with BH; (or КВН). 


+ - 
НО + BH; == HO—BH; 


NaNH CH3CH2B NaNH = 
56. а. нс=сн cC нс=с- ое == == РС 


ZON 


СН»СН» СН»СН» 
E р Na/NH,(liq) 
H—t— он HO H — с=с 4— —5— _ CH3CH,C=CCH,CH3 
+ H,O и mm N —78 °С 

н—|—вг Вг H CHCH; H 

CH2CH3 CH2CH3 
(3S,4R)-4-bromo- (3R,4S)-4-bromo- 
3-hexanol 3-hexanol 
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b. 
NaNH CH3CH>B NaNH = 
ВОЕН I1 Seo. неш баң бр. ЧО 
LN 
CHCH; CHCH; CH;CH> CH;CH; 
x / H 
Вг» = 2 = 
HO H H он = с=с, ава CHCHC=CCH;CH; 
+ 2 
H Br Br H H H 
CHCH; CHCH; 


(3R,4R)-4-bromo- (3S,4S)-4-bromo- 
3-hexanol 3-hexanol 
Because anti addition occurs in the last step, the threo enantiomers are formed. 
If Na/NH;(liq) /—78 °C is used instead of H,/Lindlar catalyst in the fifth step, the trans alkene will be 
formed. Reaction of Br; and H5O with the trans alkene will form the erythro enantiomers. 


57. а. Cl. Cl 
Cl е. Pig 
Cl 
b ү É o 
Z "a wm 
CI 
АД 
c 8 Ро У 
JA. 
d. „= h. М 
f d dn 
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Practice Test 
1. What reagents could be used to convert the given starting material into the desired product? 
O 
|| 
а. C=CH = СЊСН 
н н 
% 
С= S 
b =CCH; —~ | 
С=<СНз CH; 
2. Draw the enol tautomer(s) of the following ketones: 
О О 
| g b. pu 
3. Draw the structure for each of the following: 
a. sec-butylisobutylacetylene 
b. 2-methyl-1,3-cyclohexadiene 
4. Indicate whether each of the following statements is true or false: 
a. A terminal alkyne is more stable than an internal alkyne. T 
b. Propyne is more reactive than propene toward reaction with HBr. T 
c. l-Butyne is more acidic than 1-butene. T 
d. An sp? carbon is more electronegative than an sp? carbon. T 
e. The reactions of internal alkynes are more regioselective than the reactions of 
terminal alkynes. T 
f. Alkenes are more reactive than alkynes. T 
5. What is each compound's systematic name? 
a. CH4CHCzCCH;CHjBr b. Ge Conon 
| 
CH, СН» 


248 


nm ^n т 


The Reactions of Alkynes * An Introduction to Multistep Synthesis 


What alkyne would be the best reagent to use for the synthesis of each of the following ketones? 


О О 


| | 
а. CH4CH;CH,CCH, БВ. CH;CH,CCH,CH,CH; 


Rank the following compounds in order from most acidic to least acidic: 


NH; СНзС==СН СНзСНз е) СНзСН= CH? 


Give an example of a ketone that has two enol tautomers. 


Show how the target molecules could be prepared from the given starting materials. 


а. CH;CH,C=CH — CH3CH)CH»CH>CH>CH; 


b. СНЗСНС= СН  —— SUO ынна 
Br 
O 


|| 
с. CH;CH,>C=CH — CH;CH)CCH)CH>CH; 


Answers to Practice Test 


а. 1. ВВН/ТНЕ 2.HO-,H,0,, H,O 
b. H,/Lindlar catalyst 


a. ‹ у ОН b. pu and pw 
СН» 

a. CH;CH,CHC==CCH>CHCH; b. 

| | 

СН» СН» 
a. A terminal alkyne is more stable than an internal alkyne. 
b. Propyne is more reactive than propene toward reaction with HBr. 
c. 1-Butyne is more acidic than 1-butene. 
d. An sp? hybridized carbon is more electronegative than an sp? hybridized carbon. 
e. The reactions of internal alkynes are more regioselective than the reactions 

of terminal alkynes. 

f. Alkenes are more reactive than alkynes. 
а. l-bromo-5-methyl-3-hexyne b. 5-methyl-3-hexyn-1-ol 
a. CH;,CH,CH,C = CH b. CH;CH,C=CCH;CH3; 


44mm 


ә + 
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8. 


9. 
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NH, CH=CH CHCH; HO CH;CH=CH, 


3 2 5 1 4 
CH3 
| 
СН3СН›СН»ССН»СН» О 
а. CH,;CH,C=CH CHSCH;CEGSCHSCESCH; 
E Нур 
СЊСЊВг 


CH3CH,C= СТ — CH3CH2C = CCH2CH3 


b. CH3CH,C=CH CH3CH;CH;CHCH5CH3 
| 
Вг 
1. МН» 
2. CH3CH5Br 
HBr 
H2 


CH3CH;C E CCH;CH; CH3CH;CH = CHCH;CHs 


f———————— 
Lindlar catalyst 


| 
с. СНЗСНС= СН CH3CH2CCH»CH2CH3 
Мн; ЊО | H9S0, 


PEU SDN СЊСЊВг ER. 
CH3CH2C=C ———€ CH3CH2C = CCH2CH3 


Delocalized Electrons and Their Effect on Stability, pKa, and the Products of a Reaction 


From Chapter 8 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright O 2014 
by Pearson Education, Inc. All rights reserved. 
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Important Terms 


1,2-addition 
(direct addition) 


1,4-addition 
(conjugate addition) 


aliphatic compound 


allene 

allylic carbon 

allylic cation 
antiaromatic compound 
antibonding molecular 
orbital 


antisymmetric molecular 
orbital 


aromatic compound 


benzylic carbon 

benzylic cation 

bonding molecular orbital 
bridged bicyclic compound 
common intermediate 


concerted reaction 


conjugate addition 


conjugated diene 
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addition to the 1- and 2-positions of a conjugated system. 

addition to the 1- and 4-positions of a conjugated system. 

a saturated or unsaturated organic compound that does not contain an aromatic 
ring. 

a compound with two adjacent double bonds. 

a carbon adjacent to an sp? carbon of a carbon-carbon double bond. 


a compound with a positive charge on an allylic carbon. 


a cyclic and planar compound with an uninterrupted cloud of electrons containing 
an even number of pairs of 7 electrons. 


the molecular orbital formed when out-of-phase orbitals overlap. 
a molecular orbital that does not have a plane of symmetry but would have if one 
half of the MO were turned upside down. 


a cyclic and planar compound with an uninterrupted cloud of electrons containing 
an odd number of pairs of 7 electrons. 


a carbon, joined to other atoms by single bonds, that is bonded to a benzene ring. 
a compound with a positive charge on a benzylic carbon. 

the molecular orbital formed when in-phase orbitals overlap. 

a bicyclic compound in which the rings share two nonadjacent carbons. 

an intermediate that reaction pathways have in common. 


a reaction in which all the bond-making and breaking processes occur in a 
single step. 


addition to the 1- and 4-positions of a conjugated system. 


a compound with two conjugated double bonds. 
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conjugated double bonds 


contributing resonance 
structure 


cumulated double bonds 
cycloaddition reaction 


[4 + 2] cycloaddition 
reaction 


delocalization energy 
(resonance energy) 
delocalized electrons 
Diels-Alder reaction 
diene 

dienophile 


direct addition 
(1,2-addition) 


donation of electrons by 
resonance 


fused rings 
electron delocalization 


endo 


equilibrium control 
exo 


highest occupied 


molecular orbital (HOMO) 


heteroatom 


heterocyclic compound 
(heterocycle) 


double bonds separated by one single bond. 


a structure with localized electrons that approximates the true structure of a 
compound with delocalized electrons. 


double bonds that are adjacent to one another. 


a reaction in which two 7r electron-containing reactants combine to form a single 
cyclic product. 


a cycloaddition reaction in which six 7 electrons participate in the transition state 
with four 7 electrons coming from one reactant and two т electrons coming from 


the other reactant. 


the extra stability associated with a compound as a result of having delocalized 
electrons. 


electrons that are not localized on a single atom or between two atoms. 
а [4+2 | cycloaddition reaction. 

a hydrocarbon with two double bonds. 

an alkene that reacts with a diene in a Diels-Alder reaction. 


addition to the 1- and 2-positions of a conjugated system. 


donation of electrons through т bonds. 


rings that share two adjacent carbons. 
the sharing of electrons by more than two atoms. 


a substituent is endo if it and the bridge are on opposite sides of a bicyclic 
compound. 


thermodynamic control. 
a substituent is exo if it and the bridge are on the same side of a bicyclic compound. 


the highest energy molecular orbital that contains electrons. 


an atom other than carbon or hydrogen. 


a cyclic compound in which one or more of the atoms of the ring are heteroatoms. 
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Hiickel’s rule or 
the 4n + 2rule 


isolated double bonds 


kinetic control 


kinetic product 


linear combination of 


molecular orbitals (LCAO) 


localized electrons 
lowest unoccupied 
molecular orbital 
(LUMO) 


pericyclic reaction 


phenyl group 
polyene 
polymer 
polymerization 
proximity effect 
resonance 


resonance contributor 
(resonance structure) 


resonance electron 
donation 


resonance electron 
withdrawal 


resonance energy 
(delocalization energy) 


(resonance stabilization 


energy) 
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a rule that gives the number of 7 electrons a compound must have in its 7 cloud in 
order to be aromatic. 


double bonds separated from one another by more than one single bond. 


when a reaction is under kinetic control, the relative amounts of the products 
depend on the rates at which they are formed. 


the product that is formed the fastest. 


the combination of atomic orbitals to produce molecular orbitals. 


electrons that are restricted to a particular locality. 


the lowest energy molecular orbital that does not contain electrons. 


a reaction that takes place in one step as a result of a cyclic reorganization of 
electrons. 


a compound that has several double bonds. 

a large molecule made by linking many small molecules together. 

the process of linking up many small molecules to form a polymer. 

an effect caused by one species being close to another. 

electron delocalization. 

a structure with localized electrons that approximates the true structure of a 
compound with delocalized electrons. 

donation of electrons through т bonds. 


withdrawal of electrons through zr bonds. 


the extra stability a compound possesses as a result of having delocalized electrons. 
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resonance hybrid 


s-cis-conformation 


separated charges 


s-trans-conformation 


symmetric molecular orbital 


thermodynamic control 


thermodynamic product 


withdrawal of electrons 
by resonance 


the actual structure of a compound with delocalized electrons; it is represented by 
two or more resonance contributors with localized electrons. 


the conformation in which two double bonds of a conjugated diene are on the same 
side of a connecting single bond. 


a positive and a negative charge that can both be neutralized by the movement of 
electrons. 


the conformation in which two double bonds of a conjugated diene are on opposite 
sides of a connecting single bond. 


an orbital with a plane of symmetry so that one half is the mirror image of the 
other half. 


when a reaction is under thermodynamic control, the relative amounts of the 
products depend on their stabilities. 


the most stable product. 


withdrawal of electrons through 7 bonds. 
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Solutions to Problems 


1. а. 1. 


If stereoisomers are not included, three different monosubstituted compounds are possible. 


BrC = CC = CCH2CH3 HC = CC = ССНСН; HC=CC=CCH,CH Br 


Br 
If stereoisomers are included, four different monosubstituted compounds are possible, because the 
second listed compound has an asymmetric center so it can have both the R and S configuration. 
If stereoisomers are not included, two different monosubstituted compounds are possible. 
BrCH=CHC=CCH=CH, СЊ==<С==ССН==<Н 
br 


If stereoisomers are included, three different monosubstituted compounds are possible, because 
the first compound has a double bond that can have cis-trans isomers. 


If stereoisomers are not included, five different disubstituted compounds are possible. 


HC = CC=CCH,CHBr, = HC==CC=CCBr,CH; HC = CC = ci 
Br 
BrC=CC=CCH,CH,Br Brc = CC= omens 


Br 


If stereoisomers are not included, five different disubstituted compounds are possible. 


CH,—=CC=CC=CH, CH, = CHC = m —CHBr CH,— T = CCH = CHBr 
| | 
Вг Вг Вг Вг 


CH,=CHC=CCH=CBr, = BrCH==CHC==CCH==CHBr 


If stereoisomers are included, seven different disubstituted compounds are possible, because two 
of the compounds have asymmetric centers so each can have either the R or S configuration. 


If stereoisomers are included, nine different disubstituted compounds are possible, because the 
second and third compounds can have cis-trans isomers, and the fifth compound can have cis-cis, 
trans-trans, and cis-trans isomers. (Note that cis-trans is the same as trans-cis.) 


2. Ladenburg benzene is a better proposal. It would form one monosubstituted compound and three disubsti- 
tuted compounds, in accordance with what early chemists knew about the structure of benzene. 
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Delocalized Electrons and Their Effect on Stability, pK, and the Products of a Reaction 
Dewar benzene is not in accordance with what early chemists knew about the structure of benzene, because 


it would form two monosubstituted compounds and six disubstituted compounds, and it would undergo 
electrophilic addition reactions. 


Br Br Br 
| Вг | ‚Вг 
Вг | Вг 


Вг 
| А Вг 
Вг 
Вг | 
B 
Br 


1 does not have delocalized electrons, because т electrons cannot be moved toward an sp? carbon. 


r 
a. 2, 4, and 5 have delocalized electrons. 


3, 6, and 7 do not have delocalized electrons, because lone-pair electrons cannot be moved toward an 
sp? carbon. 


ZN t + 
2. CH;CH=CH—CH==CH—CH) CHCH — CH=CH — CH= CH; 


N "d 


a m. 
CH,CH-—CH--CH— CH=CH, 


The resonance contributor that makes the greatest contribution to the hybrid is labeled A. 
B contributes less to the hybrid than A, and C contributes less to the hybrid than B. 


a. Solved in the text. 


O o7 A is more stable than B because B has separated 
L p 
| | charges and has a positive charge on an oxygen. 
С С 5 р 5 yg 
РАД = а 
E N 
b. сн ‘OCH; сн “сн, 
А В 
UR A is more stable than B because the negative 
2 g 
" ( Ж О = ©з o7 charge in A is on an oxygen, whereas the negative in 
° ly B is on carbon, which is less electronegative than 
B A oxygen. 
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A is more stable than B, because A 


+ 
21 o- "s does not have separated charges. B 
T is more stable than C, because the 


electronegative oxygen atom is closer 


a Є Б to the positive charge in С. С is so 
unstable that it can be neglected. 
+ 
i | А is more stable than В, because 
С С the positive charge inA is on a less 
сн; “Ансн, CH 4 \NHCH, electronegative atom. (N is less 
| | electronegative Шап О.) 
B A 
+ к. + 
CH3CH— CH =CHCH3 -—- CH3;3CH=CH— СНСН; A and B are equally stable 
OH 
b+ ô+ 8— | 
СНзС==СН==СНСНз с. > = е. „Суб 
| о CH;  NHCH, 
СН» 
6- 
О 


С, 5+ 6+ b+ 
УХ д. ô- f. CHCH = CH = CHCH; 
CH; ОСН; ED 


All the carbon-oxygen bonds in the carbonate ion should be the same length, because each carbon- 
oxygen bond is represented in one resonance contributor by a double bond and in two resonance con- 
tributors by a single bond. 

MEC NP Т 

C C C 

-07 7o 67 9 #07 p 

Because the two negative charges are shared equally by three oxygens, each oxygen will have two- 
thirds of a negative charge. 


+ 
CH2 CH2 


I + | 


| 
CH3CH2C— CH, = СЊСЊС=<Н 
Less stable, because the positive charge is shared by two primary allylic carbons. 


ape m 


+ + 
CH3CH2CH=CH—CHz -—- CH3CH,CH— CH=CH) 


More stable, because the positive charge is shared by a primary allylic and a secondary allylic carbon. 


9. 


10. 


ds x 
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cj | 


+ 


b. CH,C-ZCH2-CH, «—= CH,C=CH—¢H, 


Less stable, because the positive charge is оп a primary allylic carbon. 
О Or 
а cee = бш БР ий. 
More stable, because the positive charge is on a secondary allylic carbon. 
o- 
CHCH — CH=CH, 
Less stable, because the negative charge is not delocalized. 
Fa I 
CH;C= CHCH; -— СЊС— CHCH; 
More stable, because the negative charge is delocalized. 


Z OH OH 


ll (^. | 4 
CH;— C--NH; ——- CH,— C—NH, 


Less stable, because the positive charge is shared by an O and an N. 


C NH NH; 


|. ar 
CH,— С- МН, += СН; С==МН, 


More stable, because the positive charge is shared by two nitrogens. Nitrogen is less electronegative 


than oxygen, so nitrogen is more comfortable with a positive charge. 


In the case of 9 pairs of лт electrons, there are 18 electrons. Therefore, 4n + 2 = 18 where n = 4. 


if every atom in the ring has a p orbital. 


Н it has one pair of т electrons. 


The second species has the greatest delocalization energy; it has three resonance contributors and none of 
them have separated charges. (See the answer to Problem 6.) 


The first species is the next most stable has two resonance contributors and none of them has separated 
charges. 


The third species has the smallest delocalization energy; it has two resonance contributors, one of which 
has separated charges. 


b. Because it has an odd number of pairs of 7 electrons, it will be aromatic if it is cyclic and planar, and 


This is the only one that is aromatic; it is cyclic, planar, every ring atom has a p orbital, and 


The first compound is not aromatic, because one of the atoms is sp? hybridized and there- 


fore does not have a p orbital. 


The third compound is not aromatic, because it has two pairs of лт electrons. 
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12. 


13. 


14. 
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b. This is the only one that is aromatic; it is cyclic, planar, every ring atom has a p orbital, and 
it has three pairs of лт electrons. 


* The first compound is not aromatic, because one of the atoms is sp? hybridized and therefore 
does not have a p orbital. 


The third compound is not aromatic, because it has four pairs of 7 electrons. 
Solved in the text. 


Only e is aromatic. 


e is aromatic, because it is cyclic, planar, every atom in the ring has a p orbital, and it has seven pairs of т 
electrons. 


с is not aromatic, because it has two pairs of лт electrons. 


a, b, and d are not aromatic, because each compound has two pairs of 7 electrons and every atom in the 
ring does not have a p orbital. 


f is not aromatic, because it is not cyclic. 


a. In fulvene, the electrons in the exocyclic double bond (a double bond attached to a ring) move toward 
the five-membered ring, because the resonance contributor that results has a relatively large predicted 


stability since it is aromatic. 
—+ 
+ 
O 


fulvene 
b. In сапсепе, the electrons in the double bond between the two rings move toward the five-membered 
ring, because that results in a resonance contributor with two aromatic rings. 


Ox — Ox 


calicene 
ү” sp? ( sp? ү” 5р 
а. CH,CH,NH, b. {_)—сн=йснәсн, c. CH3CH,C=N: 
or 

2 2 

OO Су c. SX gU 
N^ NS dq A ы еме еы т “у 

\ sp? H m P \ sp? \ sp? 
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16. The lone-pair electrons in A and D are sp? electrons; therefore, they аге not part of the т cloud. 


The lone-pair electrons on B and С аге п electrons and аге part of the т cloud. Thus, B has three pairs of 
т electrons and C has five pairs of 7 electrons, making them aromatic compounds. If these т electrons are 
protonated, they will no longer be part of the 7 cloud (they cannot be delocalized) and the compounds will 
not be aromatic. 


17. a. The nitrogen atom (the atom at the bottom of the epm) in pyrrole has a partial positive charge because 
it donates electrons by resonance into the ring. 


b. The nitrogen atom (the atom at the bottom of the epm) in pyridine cannot donate electrons by reso- 
nance; it withdraws electrons from the ring inductively because it is the most electronegative atom in 
the molecule. Thus, this nitrogen is electron rich. 


c. Therelatively electronegative nitrogen atom in pyridine withdraws electrons from the ring. 
18. a. Cyclopentadiene has a lower pK, value. That is, it is a stronger acid. When cyclopentadiene loses a 


proton, a relatively stable aromatic compound is formed. When cycloheptatriene loses a proton, an 
unstable antiaromatic compound is formed. Recall that the more stable the base, the stronger its conju- 


gate acid. 
— er 


H 
aromatic 


| | + Ht 


H 
antiaromatic 


| 


x 
2 


b. Cyclopropane has a lower pK, value because a very unstable antiaromatic compound is formed when 


cyclopropene loses a proton. 
| | | + Ht 


H H H 
| | | | + H* 
H H H 
antiaromatic 
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20. 


21. 


22. 


23. 
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3-Bromocyclopropene is more soluble in water because it is more apt to ionize since an aromatic compound 
is formed when its carbon-bromine bond breaks. 


aromatic 


е oF Вг 


+ 


Вг 


Вг 


с is antiaromatic, because it is cyclic, planar, every atom in the ring has а р orbital, and it has two pairs of 
т electrons. 


When you did Problem 12, you found that e is aromatic. 
a, b, d, and f are neither aromatic nor antiaromatic, a, b, and d have ring atoms that do not have p orbitals, and 


f is not cyclic. 


Cyclobutadiene has one bonding molecular orbital, two nonbonding molecular orbitals, and one antibond- 
ing molecular orbital. It has four т electrons; two т electrons are in the bonding т molecular orbital, and 
each of the two nonbonding molecular orbitals contains one т electron. 


It is not possible for an atom that bears a single electron to be part of the 7r cloud. 


Remember that to be aromatic, all the bonding MOs that make up the т cloud must be filled (each contain- 
ing two electrons) and there must be no partially filled orbitals. Since a radical has an unpaired electron, 
there will be an orbital with a single electron (a partially filled MO), so it cannot be aromatic. (A radical 
can, however, be attached to an aromatic compound. For example, the benzyl radical has a methylene radi- 
cal attached to an aromatic benzene ring.) 


The Frost circles show that species with completely filled bonding MOs, and with electrons in no other 
orbitals, are aromatic (for example, the cycloheptatrienyl cation and the cyclopropenyl cation). 


CO xa Vu 


cycloheptatrienyl cation cyclopropenyl cation 


The species with unpaired electrons in degenerate MOs is antiaromatic (the cycloheptatrienyl anion). 


+ + 
that 


cycloheptatrienyl anion 


24. 


25. 


26. 


27. 


28. 


29. 


Delocalized Electrons and Their Effect on Stability, pK, and the Products of a Reaction 
The smaller the heat of hydrogenation (the positive value of АН“), the more stable the compound. 
Therefore, the relative stabilities of the dienes are 


conjugated diene > isolated diene > cumulated diene 


CH, CH, 
CH,C—CHCH—CCH, > CH,CH—CHCH—CHCH, > CH,;CH=CHCH=CH, > CH;— CHCH;CH—CH; 


2,5-dimethyl-2,4-hexadiene 2,4-hexadiene 1,3-pentadiene 1,4-pentadiene 


a. The compound with delocalized electrons is more stable than the compound in which all the electrons 


are localized. 
+ + 
CHCH; CHCH; CHCH; 
Ср СТ of 


electrons are delocalized electrons are localized 
b. Because nitrogen is less electronegative than oxygen, it is better able to share the positive charge. 


m t e #5 + + 
CHCH; -——- CH;0=CH, CH,NH2-CH, -—- CH;NH—CH, 


more stable 


c. In order for electron delocalization to occur, the atoms that share the т electrons must be in the same 
plane so their p orbitals can overlap. The two bulky tert-butyl groups do not allow enough room for 
the group with the positively charged carbon to be in the same plane as the benzene ring. Therefore, 
the carbocation cannot be stabilized by electron delocalization because the p orbital of the positively 
charged carbon cannot overlap the p orbitals of the benzene ring since they are not in the same plane. 


O« CH 


more stable 


The w3 molecular orbital of 1,3-butadiene has three nodes (two vertical and one horizontal). 


The уд molecular orbital of 1,3-butadiene has four nodes (three vertical and one horizontal). 


w, and у» are bonding molecular orbitals, and уз and уд are antibonding molecular orbitals. 

y and уз are symmetric molecular orbitals, and Y, and уд are antisymmetric molecular orbitals. 
> is the HOMO and уз is the LUMO in the ground state. 

уз is the HOMO and уд is the LUMO in the excited state. 

If the HOMO is symmetric, the LUMO is antisymmetric, and vice versa. 


РЕОРЕ 


The МО of benzene is more stable because it has six bonding interactions, whereas the MO of 1,3,5-hexatriene 
has five bonding interactions. 
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31. 


32. 


33. 


34. 


35. 
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In each case, the compound shown is the stronger acid because the negative charge that results when it loses 
a proton can be delocalized. Electron delocalization stabilizes the base and the more stable the base, the 
more acidic its conjugate acid. Electron delocalization is not possible for the other compound in each pair. 


| | | 
C C C 
_ N 
a. CHí “он Ht + CHÍ ^O сн № 
b. CH;CH=CHOH — H' + CHCH = CHO CH;CHCH = O 


+ = + 
с. CH,CH—CHNH, — Ht + CH,CH=CHNH, CH,CHCH=NH, 


a. Ethylamine is a stronger base because when the lone pair on the nitrogen in aniline is protonated, it can no 
longer be delocalized into the benzene ring. Therefore, aniline is less apt to share its electrons with a proton. 


b. Ethoxide ion is a stronger base because a negatively charged oxygen is a stronger base than a neutral 
nitrogen. 


c. Ethoxide ion is a stronger base because when the phenolate ion is protonated, the pair of electrons that 
is protonated can no longer be delocalized into the benzene ring. Therefore, the phenolate ion is less 
apt to share its electrons with a proton. 


The carboxylic acid is the most acidic because its conjugate base has greater delocalization energy than 
does the conjugate base of phenol. The alcohol is the least acidic because, unlike the negative charge on the 
conjugate base of phenol, the negative charge on the conjugate base of the alcohol cannot be delocalized. 


О 


| 
ZZ > ОН > СНОН 


Electron withdrawal by the methoxy group will make it a stronger acid (because it will make the conjugate 
base weaker). 


Solved in the text. 


Electron donation by the methoxy group will make it a weaker acid (because it will make the conjugate 
base stronger). 


The pK, values show that the methoxy substituted acid is a weaker acid (it has a larger pK, value). Therefore, 
we know that resonance electron donation is a more important effect than inductive electron withdrawal. 
Recall that, if a more stable carbocation can be formed as a result of carbocation rearrngement, rearrange- 
ment will occur. 

1,2-hydride 


Pu 4 + hift + 
K ene Br CH,CHCH,; — CHCH;CH; 


secondary carbocation secondary benzylic cation 


| Br 
(сис 


Вт 


36. а. 
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Solved in the text. 


b. The contributing resonance structures show that there are two sites that can be protonated, the lone pair 


37. a. 


on nitrogen or the lone pair on carbon. 


qu of protonation 


MO — Sao 


site of о 


The more reactive double bond is the one that forms а tertiary carbocation. 


CH; CH; 


| | 
Сн›==СНСН›СН›СН›С— СН» CH;—CHCH;CH;CH,C — CH; 
+ 


а= | 
‘Br Br 


Instead of Вг being the nucleophile that adds to the tertiary carbon, the т bond can be the nucleo- 
phile. In that case, a stable six-membered ring will be formed. This is expected to be a minor product 
because, unlike the above reaction of the carbocation with Br , bond breaking is required to form the 
product. 


CH, CH; CH; CH; 
| CH; CH; CH; 
зз QE == %® — + 
"m i 
Br: Br Br 


b. The double bond is more reactive than the triple bond. The reaction forms a new asymmetric center so 


a pair of enantiomers is formed. 


CHCl CH;CI 
d В na l 
HC=CCH>CH,~ a Е СА “сн,снс=сн 
5 R 


It is unlikely that the triple bond will act as a nucleophile, because it would have to form an unstable 
vinylic cation intermediate. 


А 
са CHCl 
_ их = 
HC=CCH,CH,CH—CH, 
о et 


+ 
The more reactive double bond is the one that forms a tertiary carbocation. 


СН; 
cl 
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38. The indicated double bond is the most reactive in an electrophilic addition reaction with HBr because addi- 
tion of an electrophile to this double bond forms the most stable carbocation (a tertiary allylic cation). 


| 


39. а. CH,CH—CH— CH—CHCH; 


[с 


Cl Cl 
an “А | 


CH3CH— CH— CH=CHCH3 -—- CH3CH— CH=CH — CHCH; 


[er e 


CI CI CI CI 
бий Ибне СНСН» + шы нн нйн 
1,2-addition product 1,4-addition product 
Br Br 
b. Dec — C= CHCH; + CH3CH2C = alici 
СН» СНз CH3 б, 
1,2-addition product 1,4-addition product 
Br 
с. à каз 
Вг Вг Вг 
1,2-addition product 1,4-addition product 


d. oa 
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41. 
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first reaction: CH,— CH—CH— CH, 


| 
а а 


This compound has an asymmetric center, 
so both the R and S stereoisomers 

will be obtained. (Note that E and Z 
stereoisomers are not possbile for 

this double bond.) 


second reaction: CH,;CH—CH=CH, 


Br 


This compound has an asymmetric center, 
so both the R and S stereoisomers 

will be obtained. (Note that E and Z 
stereoisomers are not possbile for 


Teo о 
С1 С1 


This compound has a double bond, 
so both the E and Z stereoisomers 
will be obtained. 


CHCH = ата 
Вг 


This compound has a double bond, 
so both the Е and Z stereoisomers 
will be obtained. 


CH— CH—CH— CH=CH, 


CH=CH—CH— CH=CH, 


| 
Br 


this double bond.) 
HB 
CH,>=CH—CH=CH— CH=CH; "> CH; 
| 
Вг 
CH; 
CH; 


CH=CH a 


Br 


The chlorine adds so that the positive charge in the resonance contributor is on a secondary allylic 


carbon. (If the chlorine had added to the other double bond, the positive charge would be on a primary 


allylic carbon.) 


Ca 
CH,CH=CH—C=cH, —“. сњен oye н, -—- сњен—сн=с—сња 
CH; Le CH; 
| cl- Cr 
Cl 
ии CH,CH—CH=C—CH,Cl 
M G a 
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44. 


45. 


268 


Delocalized Electrons and Their Effect on Stability, pK, and the Products of a Reaction 


b. The proton adds so that the positive charge in the carbocation is shared by a tertiary allylic and a 
secondary allylic carbon. (If the proton had added to the other double bond, the positive charge would 
be shared by two secondary allylic carbons.) 


сњен=ен—с=енСсн, —UPr. сњен Lot CH,CH; =_= CH;CH—CH=C—CH,CH; 
n m M 
Br. Br 
Br 
ана о. CH4CH—CH —C— CH;CH; 
m M ае 


a. Addition at C-1 forms the more stable carbocation because the positive charge is shared by two ѕес- 
ondary allylic carbons. If the deuterium had added to C-4, the positive charge would have been shared 
by a secondary allylic and a primary allylic carbon. 


b. ОС was used to cause the 1,2- and 1,4-products to be different. If НСІ had been used, the 1,2- and 
1,4-products would have been the same. 


She should follow her friend's advice. If she uses 2-methyl-1,3-cyclohexadiene, the product that is formed 
faster will be 3-chloro-3-methylcyclohexene, both if the proximity effect controls which product is formed 
faster and if the more stable transition state controls which product is formed faster, because this product 
is formed through a transition state in which the positive charge is primarily on a tertiary allylic carbon. 
Thus the experiment will not be able to establish which of the two effects controls which product is formed 


faster. 
CH; 
or HCI o 


3-chloro-3-methylcyclohexene 


If she follows her friend's advice and uses 1-methyl-1,3-cyclohexadiene, the product that is formed faster 
will be 3-chloro-1-methylcyclohexene only if the proximity effect controls which product is formed faster. 
The product will be 3-chloro-3-methylcyclohexene if the more stable transition state controls which prod- 
uct is formed faster, because only this product is formed through a transition state in which the positive 
charge is primarily on a tertiary allylic carbon. 


CH, CH; Cl. сњ 


НСІ 


Cl 


3-chloro-1-methylcyclohexene 3-chloro-3-methylcyclohexene 


a. Therate-determining step is formation of the carbocation. 


b. The product-determining step is reaction of the carbocation with the nucleophile. 
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46. a. Solved in the text. 


+ 
kinetic product 
Cl 


thermodynamic product 


CH=CHCH; CH= CHCH; CH— CHCH; 
“© Of. i 


kinetic product thermodynamic product 


Notice that the 1,2-product is always the kinetic product. 


The thermodynamic product is the product with the most highly substituted double bond. 


а Cl 
S 27 
+ 
kinetic product 


thermodynamic product 


The first compound is the kinetic product because it is the 1,2-product. 


The first compound is the thermodynamic product because it is more stable because the double bond is con- 


jugated with the benzene ring. 


|| О 
48. а Сон; с. НС 
O 
os 

О О 

b d. Н.С CH; O 

М 
с2 | . 
H3C CH3 О 
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49. First draw the resonance contributors to determine where the charges are on the reactants. The major 
product is obtained by joining the negatively charged carbon of the diene with the positively charged car- 
bon of the dienophile. 

oe + 
снб.) CZ CHO 
diene 
ES ES CH30 
— 
+ CH Because the reaction creates an 
h EA || asymmetric center, the product 
dienophile < О will be a racemic mixture 
CH CH | 
| | 
(о О” 
50. The resonance contributors show that if the electron-donating substituent is at the end of the conjugated 


system, it and the electron-withdrawing substituent of the dienophile will be adjacent to one another in the 
major product of the Diels-Alder reaction. 


If the electron-donating substituent is not at the end of the conjugated system, it and the electron-withdrawing 
substituent of the dienophile will be opposite to one another in the major product of the Diels-Alder reaction. 


бо 


С 
2 f Ps С. 
Fes. | — > 
сњо“ ~ 
3 5 ôt CHO 
2 ZN 2 2 

51. а. c С b. C НзС С 

+ + 

Н.С 
CH; 


52. A and C will not react, because they are both locked in an s-trans conformation. 
D and E will react, because they are both locked in an s-cis conformation. 


B and F will react, because they can rotate into an s-cis conformation. 
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54. 


55. 


56. 


/ / e 
CH; 
2. 


CH; “0 
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Solved in the text. 


a. 


b. 


а, b, c, e, f, 1, m, п, о 


b. 
О 
A ook 
CH; 
PES 


CH; ^O 


It is not optically active, because it is a meso compound. 
(It has two asymmetric centers and a plane of symmetry.) 


| ^ 
CI 


It is not optically active, because it is a racemic mixture. 
(Identical amounts of the enantiomers will be obtained.) 


a and b. 


1. 


zy 


ma 


+A 
N=N: 


CI CI 
"Cl Cr" 


О 
| О 
COCH; || 
p H. „ОН 
с. J | е = ü T 
С „©. 
H CH 
СОСН; | 
| O 
О 
О 
(| || 
227 227 H. „СОН 
d. C + f. + | 
ш H 
О 


CH; 


ЕЗ 


+ ..— 
> CH)=N=N: 


More stable, because the 
negative charge is on nitrogen 
rather than on carbon. 
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À + À- £o vb 2. 
2. :NÆN— О: М=М=0: 


More stable because the 
negative charge is on oxygen 
rather than on nitrogen 
(oxygen is more electronegative). 
-AL A Е 
3. :0—N= 0: :0=N— 0: 
Both are equally stable. 


Additional resonance structures could be drawn for each of these three species, 
but they are relatively unstable because each has an atom with an incomplete octet. 


CH= СН» 


59. 


60. 
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61. Draw the resonance contributors. Then have the Cl pointing up in all the products, with the OH pointing up 
in one product and down in the other. Notice that the products in row 4 are the mirror images of the prod- 
ucts in row 1, and that the products in row 3 are the mirror images of the products in row 2. (The mirror 
images would also have been obtained if the Cl pointed down in all the products with the OH pointing up 
in one structure and down in the other.) 


Cl 
НО“ 


OH 


а а 
НО 


HO HO 
cI HO., а! 
HO- 


СІ ; СІ 
НО" 


«НУ 
| 
поједе 


62. а. different compounds d. resonance contributors 
b. different compounds e. different compounds 
c. resonance contributors 


Notice that in the structures that are different compounds, both atoms and electrons have changed their 
locations. In contrast, in the structures that are resonance contributors, only the electrons have moved. 


63. a. There are six linear dienes with molecular formula СеН o. 


b. Two are conjugated dienes. CH,—CHCH —CHCH,CH, 
CH,CH —CHCH —CHCH, 


с. Two are isolated dienes. CH,—CHCH,CH —CHCH, 
CH, =CHCH,,CH,CH —CEH, 


There are also two cumulated dienes. CH,—C— CHCH,CH,CH, 
CH,CH =C =CHCH,CH, 
64. а. 1. Сщбн^=сн- Осн; CH;CH—CH= OCH; 


major minor 


5 т CHNH5 | CH3NH; 


The two resonance contributors have the same stability and therefore contribute equally to the 
resonance hybrid. 
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10. 


+ 
С С С 
“ен, “ен, `ch, ^ “оң, 
+ + 
minor minor minor major 
+ Ço LZ E 


The two resonance contributors have the same stability and therefore contribute equally to the hybrid. 


Vo - - 
= + is + „о + P 

. NA NC bm 
minor О: minor О major O 


+ 
CH;4CH— CH=CH, 
major 


E 
CH35CH—CH--CH5 
minor 


Q —O—Q.—-—U 


The five contributors are equally stable and therefore contribute equally to the resonance hybrid. 


О O^ 
<i | 
—— 
St 
CH,CH; "OCH;CH, 


CHCH; | OÓCH;CH, 


maj Or minor 


" 
CH3CHCH = CHCH= СН» 
major 


А 
СН3СН = CHCH— CHCH, 


minor r 
(the positive \ / (the positive 
charge is on " charge is on 

a primary CH,CH—CHCHCH—CH; a secondary 


allylic carbon) 


allylic carbon) тајог (the positive charge is on 


a secondary allylic carbon) 


|> ‘a 
С 
~ 
CH,CH; сн? 


minor 


CH,CH, 
major 
The major contributor has a negative charge on oxygen, which is more stable than a contributor with a 
negative charge on carbon. 


CH; 


65. 


66. 
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— LN = 
11. CH;CH—C=N ~ > CHCH =C=N: 


minor major 
У. = + + + 
12. AR OCH; {= бен OCH; [bcn OCH; 
— — " — № = 
/ LA > 
тајог minor minor minor major 
13: | a 
и ==. C 
EU uA os 
H NHCH ; H NHCH, 
major minor 
14. О О О" 
| < | 
REN {з= = VU UR P 
H CH=CH—CH, H “ён-сн=сн, H \cH—CH=cH, 
minor minor major 


The major contributor has a negative charge on oxygen, which is more stable than a contributor with a negative 
charge on carbon. 


15. Notice that the electrons on the center carbon can be delocalized onto both of the carbonyl oxygens. 


O от О 
Г” | i 
и у E e 
СН» CH СН. сн сн” “ен, 
minor major 
о = 
19 up 
ZN ZN 
cu "R^ CH; сн “сн” “сн, 
major 
b. 2, 4, and 7 
a. р b. с. д. | 
. @ N 
+ we 
It is aromatic. It is aromatic. It is aromatic. It is not antiaromatic. 


Both compounds form the same product when they are hydrogenated, so the difference in the heats of 
hydrogenation will depend only on the difference in the stabilities of the reactants. Because 1,2-pentadiene 
has cumulated double bonds and 1,4-pentadiene has isolated double bonds, 1,2-pentadiene is less stable 
and, therefore, will have a greater heat of hydrogenation (a more negative АН“). 
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CH, = C=CHCH,CH, ET CH4CH;CH5CH4CH; 
1,2-pentadiene 
Ha 
СН, = CHCH,CH= CH, — > CH3CH,CH»CH,CH3 
Pd/C 
1,4-pentadiene 
+ 
67. а. СНАСНСН = CH, b. О This makes the greater е. СНз This makes the greater 
This makes the greater contribution because the contribution because the 
contribution because the negative charge is on an Ч positive charge is оп 
oxygen. а tertiary allylic carbon. 


positive charge is on a 
secondary allylic carbon. 


А 
а. CHCH,CH; 


This makes the greater 
contribution because a 
secondary benzylic cation 
is more stable than a 
secondary alkyl cation. 


68. ^ aromatic CY С Q V C CLC 
у о R S 
antiaromatic [ \ 


+ 


neither aromatic nor antiaromatic 
уо сб Оо о 
М М Ó 


The first five compounds has an sp? carbon, so they do not have an uninterrupted т cloud, and the last one 
is not planar, so the p orbitals cannot overlap with the p orbitlas on the adjacent carbons. 
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69. a. The resonance contributors show that the carbonyl oxygen has the greater electron density. 
carbonyl oxygen——> су о 
| | 
@ <- > C 
a / N6 
CH; ОСН; CH; ОСН; 


b. The compound on the right has the greater electron density on its nitrogen, because the compound 
on the left has a resonance contributor with a positive charge on the nitrogen as a result of electron 


delocalization. 
Te C) 
N N+ N 
H H H 


c. The compound with the cyclohexane ring has the greater electron density on its oxygen, because the 
lone pair on the nitrogen can be delocalized only onto the oxygen. 


| 
(Vc C 
2 + N 
Н Н 


There is less delocalization onto oxygen by the lone pair in ће compound with the benzene ring (path а) 
because the lone pair can also be delocalized away from the oxygen into the benzene ring (path b). 


O O 
bh | Ба | 
С С 
У. +7 N 
үү Зен — Ex N^ “сн, 
H | н 
b 
| 
О 
Ц 
н 
70. Remember that an sp” nitrogen is more electronegative than an sp? nitrogen, and the more electronega- 


tive the atom to which a hydrogen is attached, the stronger the acid. The stronger the acid, the weaker its 
conjugate base. 


" H 
NH N T 
27 | 2 eN NH, 
EN 
N 
The lone pair is localized and the These are weak bases because The strongest base because 
nitrogen is sp? hybridized, which Ње lone-pair electrons are the lone pair is localized and 
is not as strong a base as an sp? delocalized. the nitrogen is sp? hybridized. 


hybridized nitrogen. 


277 


Delocalized Electrons and Their Effect on Stability, pK, and the Products of a Reaction 
71. The methyl group on benzene can lose a proton easier than the methyl group on cyclohexane because the 


electrons left behind on the carbon in the former can be delocalized into the benzene ring. In contrast, the 
electrons left behind in the other compound cannot be delocalized. 


72. The triphenylmethyl carbocation is stable because the positive charge is shared by 10 carbons (the central 
carbon and three carbons of each of the three benzene rings) as a result of electron delocalization. 


О О 
73. а. СЊСЊО 7 CH4CH,O а 
+ — | 
Sus M 
O 


(0) 
(0) 
2 X) 
b. " 
+ — 
(0) 
О 
74. a. The structure shown below is the stronger acid because it has the weaker conjugate base. When this 


compound loses a proton, the electrons left behind can be delocalized onto six different carbons. The 
electrons left behind on the conjugate base of the other compound can be delocalized onto only three 
different carbons; they cannot be delocalized into the second benzene ring. 


| OH 


b. The first compound is the most stable (weakest) base, because it has a resonance contributor that is 
aromatic. Therefore, the other base (the one on the right) is the stronger base. 


G—C C 


aromatic 
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| | 
C C 
LN = Z N — 
CH3CH,O CH—C=N CH;CH,O CH=C =N 
#1 most stable because the negative #2 because the negative 
charge is on oxygen charge is on nitrogen 
| i 
C C 
/ T UN = 
CH,CH;O “сн-с=м CH,CH,07 "CH—CEN 
#3 because the negative #4 the least stable because the 
charge is on carbon negative charge is on carbon 


and it has separated charges 


The more the electrons that are left behind when the proton is removed can be delocalized, the greater the 
stability of the base. The more stable the base, the more acidic its conjugate acid. 


The negative charge on the base on the left can be delocalized onto two other carbons; the negative charge 
on the base in the middle can be delocalized onto one other carbon; the negative charge on the base on the 
right cannot be delocalized. 


AnA ` 9 : Ide R 


Therefore, the compounds have the relative acidities shown below: 


г мы " Oy „ Pe S 


T 
Js А З 
а. СН; О The negative charge is shared by two oxygens. 
T 
=. ре . . 
b. CH3CH,CH CH; The negative charge is shared by a carbon and an oxygen. 
О О 


с. СН; СН CH, The negative charge is shared by a carbon and two oxygens. 


d. = The negative charge is shared by a nitrogen апа two oxygens. 


O 


The stronger base is the less stable base of each pair in Problem 77. 


a. СН; CH,O Less stable because the negative charge cannot be delocalized. 
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| 
=== po, А А 
b. CH4CHCH; CH; Less stable because the negative charge cannot be delocalized. 
1 | 
P d Ps. д С. 
с. СН; CHCH; CH, Less stable because the negative charge can be delocalized onto only 
i one oxygen. 
d. p 
E Less stable because the negative charge can be delocalized onto only 
| one oxygen. 
79. The resonance contributor shown here indicates which nitrogen is most apt to be protonated (the one with 


the greatest negative charge) and which nitrogen is least apt to be protonated (the one with the greatest 
positive charge). 


most apt to be 


ү protonated 
nz 29 М on № 


s apt to be 


protonated 


80. The following compound is the strongest acid, because it is the only one that forms a conjugate base that is 
aromatic. Recall that the more stable (weaker) the base, the stronger is its conjugate acid. 


C, - 
ca _ 


aromatic 


81. The resonance contributors of pyrrole are more stable because the positive charge is on nitrogen. In furan, 
the positive charge is on oxygen which, being more electronegative, is less stable with a positive charge. 


£X с К =. 
FY oe Gr 


+ 


TZ 
TZ + 
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A is the most acidic because the electrons left behind when the proton is removed can be delocalized onto 
two oxygens. B is the next most acidic because the electrons left behind when the proton is removed can 
be delocalized onto one oxygen. C is the least acidic because the electrons left behind when the proton is 
removed cannot be delocalized. 


О O O O О О 
| | | || | | 


С > C C > 
CHY OCH, ^cH, ^ cHí ^CH,CHj;/ “сн; сн{ “сн,сн,сн,“ “сн: 


| | | 


А B С 


а. It has eight molecular orbitals. 

b. vi. Wo, уз, and уд are bonding molecular orbitals; 45, Ye, Y7, and фз are antibonding molecular 
orbitals. 

C. Ui. Ua, Ys, апа y; are symmetric molecular orbitals; о, W4, We, and фз are antisymmetric molecular 
orbitals. 

d. 15 the HOMO and у is the LUMO in the ground state. 

е. ws 15 the HOMO and yg is the LUMO in the excited state. 

f. If the HOMO is symmetric, the LUMO is antisymmetric, and vice versa. 

2. It has seven nodes between the nuclei. It also has one node that passes through the nuclei. 


О 
Г ‚—78 Trete е 
+ 
кы. 2. а= О 


The reaction of 1,3-cyclohexadiene with Br, forms 3,4-dibromocyclohexene as the 1,2-addition product 
and 3,6-dibromocyclohexene as the 1,4-addition product. (Recall that in naming the compounds, the double 
bond is at the 1,2-position.) The reaction of 1,3-cyclohexadiene with HBr forms only 3-bromocyclohexene, 
so it is both the 1,2-addition product and the 1,4-addition product. 


Br 
Br 
Br 
B 
Lax + 
Вг 
3,4-dibromocyclohexene 3,6-dibromocyclohexene 
o 1,2-addition product 1,4-addition product 

1,3-cyclohexadiene 


3-bromocyclohexene 
1,2-addition product 
1,4-addition product 
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86. a. Only part a involves the reaction of two unsymmetrically substituted reactants. Therefore, only for 
part a do we need to look at the charge distribution in the reactants to determine the major product of 
the reaction. 


+ сњ, 
AN % cu gen CH=CCH; 
SS SS SO O- 


We now need to join the negative end of the diene and the positive end of the dienophile. 


= ү? Ф 
5 CHCCH 
VT C 


(0) 
b. С \ снсосв, СО;ЄН» 
£M —- 
СН» 
с CH 
a pe 
+ CHCCH — > 
Q к ү 
Ne 1 
O 
О О 
О О 
87. Numbering the carbons in the conjugated system will help you determine the 1,2- and 1,4-addition 
products. 
OH 
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CH; Вг CH; 
2. 4 + HBr ——— 
or 
CH Br. CH; 
@ + HBr + 
CH; CH, 
HSO. 
3. A + guo 889 
CH; HO CH; 
or 
CH; CH; 
Н,80 
A + H50 1 
CH; HO CH; 
CH; HO, CH; 
1. 2. 3. 
HO 
Br Br СН» 
сн›=снсн=снсн=сн› ИВ", CH,;CHCH=CHCH=CH, + 
1,3,5-hexatriene Br A 


CH3;CH=CHCHCH=CH, + CH3CH-—CHCH-CHCHjBr 
B p С 
A will predominate if Фе reaction is under kinetic control because it is the 1,2-product and, therefore, 
will be the product formed most rapidly as a result of the proximity effect. In addition, A will be the 
1,2-product regardless of which end of the conjugated system reacts with the electrophile. 


C will predominate if the reaction is under thermodynamic control because it is the most stable diene. 
(It is the most substituted conjugated diene.) 


The diene is the nucleophile, and the dienophile is the electrophile in a Diels-Alder reaction. 


a. 


An electron-donating substituent in the diene would increase the rate of the reaction, because electron 
donation would increase its nucleophilicity. 


An electron-donating substituent in the dienophile would decrease the rate of the reaction, because 
electron donation would decrease its electrophilicity. 
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An electron-withdrawing substituent in the diene would decrease the rate of the reaction, because 
electron withdrawal would decrease its nucleophilicity. 


Addition of an electrophile to C-1 forms a carbocation with two resonance contributors, a tertiary 
allylic cation and a secondary allylic cation. Addition of an electrophile to C-4 forms a carbocation 
with two resonance contributors, a tertiary allylic cation and a primary allylic cation. Therefore, 
addition to С-1 results in formation of the more stable carbocation intermediate, and the more stable 
intermediate leads to the major products. 


CH; CH; CH; 

| НСІ + | | + 

шй жой. — а > M NE E. 
CH; CH; CH; 
CI | Cr 

н ma na 

СН» СН; Cl 

kinetic product thermodynamic product 


Addition of an electrophile to C-1 forms a carbocation with two resonance contributors; both are 
tertiary allylic cations. Addition of an electrophile to C-4 forms a carbocation with two resonance 
contributors, a secondary allylic cation and a primary allylic cation. Therefore, addition to C-1 results 
in formation of the more stable carbocation. Only one product is formed, because the carbocation is 
symmetrical. 


CH; CH; CH; 


| НСІ + | | 
ee EHR — ш CH4C—CHCCH; 


| + 
NE 
| | 


CH; 
j^ 
CH; 


This is the only product because 
the carbocation is symmetrical. 


СН; СН; 
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91. a and d. 


Free energy 


——————— 


ЊЕ 


Progress of the reaction 


t " "EE 
А бн Он Он = бн Он 
i¢e 160 О of oe 


d. The 2nd, 3rd, and 4th resonance contributors in с are more stable than those resonance contributors 
in b, because in b a positive charge is on the most electronegative atom (the oxygen) and there is 
charge separation. Therefore, the phenolate ion has greater electron delocalization than phenol. 
Thus, as shown in the energy diagram, the difference in energy between the phenolate ion and the 
cyclohexoxide ion is greater than the difference in energy between phenol and cyclohexanol. 


e. Because of greater electron delocalization in the phenolate ion compared to that in phenol, phenol has 
a larger K, than cyclohexanol. 


f. Because it has a larger K, (a lower pK,), phenol is a stronger acid. 
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Free energy 


93. 
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МН, 


— > 


Progress of the reaction 


и 
NH, NH, 


oe + T = oe 
NH, NH, NH, х NH, NH, 
X — —— X — —ÀM— ec => 


Aniline has greater electron delocalization than the anilinium ion. Thus in the energy diagram, the 
difference in energy between aniline and cyclohexylamine is greater than the difference in energy 
between the anilinium ion and the cyclohexylammonium ion. 


a- а 
91 
Sj 


Because of greater electron delocalization in aniline compared to that in the anilinium ion, the anilinium 
ion has a larger K, than the cyclohexylammonium ion. 


Because it has a larger K, (a lower рК), the anilinium ion is a stronger acid than the cyclohexylammonium 
ion. Therefore, cyclohexylamine is a stronger base than aniline. (The stronger the acid, the weaker its 


conjugate base.) 


Because the reaction creates an asymmetric center in the product, the product 
will be a racemic mixture. 


ea 
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O7 О 


27 
+ 
- + 
° Ф 


Even though both reactants аге unsymmetrically Because the reaction creates an 
substituted, they will be aligned primarily as asymmetric center, the product 
shown, because of the relatively stable tertiary will be a racemic mixture. 


benzylic cation and delocalization of the 
т electrons of the dienophile onto the oxygen. 


c. Looking at where the partial positive charges are in the two resonance hybrids of the diene shows that 
the resonance hybrid with the positive charge shared by a primary and a tertiary carbon is more stable. 
In the dienophile, a primary carbanion is more stable than a primary carbocation would be. 


- + 


Therefore, the major product is the 1,4-disubstituted product. 


Thy Oy OA 


Because the reaction creates an 
asymmetric center, the product 
will be a racemic mixture. 


The first pair is the preferred set of reagents because it has the more nucleophilic diene and the more 
electrophilic dienophile. 


О О 
„ У и ~ 
С ог | + 
w 7 d С Z 
H 


A Diels-Alder reaction is a reaction between a nucleophilic diene and an electrophilic dienophile. 


a. The compound shown below is more reactive in both 1 and 2, because electron delocalization in- 
creases the electrophilicity of the dienophile. 

О од 
p 


" | 
CH CH=CH -——- CH,— CH=CH 
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b. The compound shown below is more reactive, because electron delocalization increases the 
nucleophilicity of the diene. 


fs сн-Сен=сн- а OCH, -—  CH—cH—cH-—CH— ÓCH; 


96. H 
/ A H 
H -= 
H 
exo endo 
N 
H `c У“ H С 
97. а. + | с С 
“чы + 
H ү С 
О С 
М 
О 


= 
+ 
m a 
DN i 
/ N 
m 
= 
" 
© 


О 
О con :ÓH ÓH 
98. a CH3 а CH; + „СНз CH3 
Н-050.Н 
CH e К CH; E E 
kB 
HB* 
oe fee ee oe 
O: CM :OH :OH 
» ДУ 
ee 
2 ТН :В CH; HB* 
Н.С” ‘CH; Н.С” "CH um 94 С 
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99. The electrophile can add to either end of the conjugated system. Adding the electrophile to one end forms 
A and B; adding the electrophile to the other end forms C and B. 


Br 
Br 
a. | M ES 27 “сн,Вг CHBr 
та + + 
Вг Вг 
А B С 


b. А has two asymmetric centers but only two stereoisomers аге obtained, because only anti addition of 
Br, can occur. 


B has four stereoisomers because it has an asymmetric center and a double bond that can be in either 
the E or Z configuration. 


CH Br CH3Br 


C has two stereoisomers because it has one asymmetric center. 
Br, „Н H, „Вг 


CH>Br 
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Nine of the compounds are shown below. Since each has one asymmetric center, each can have either the R 
or S configuration. Therefore, 18 different products can be obtained. 


The 3,4-bond of The 1,2-bond of 
1,3-Butadiene is 2-methyl-1,3-butadiene 2-methyl-1,3-butadiene 
the electrophile. is the electrophile. is the electrophile. 
nu 
CH=CH) C—CH; CH=CH 
1,3-Butadiene is 
the nucleophile. СН; 
ЈЕ 
H3C CH=CH, HC C—CH, НС CH=CH) 
2-Methyl-1,3-butadiene СН» 
is the nucleophile. 
(the 1-position is on top) 
CH3 


2-Methyl-1,3-butadiene | 
is the nucleophile. CH=CH, C=CH, CH=CH) 
(the 4-position is on top) 

CH3 


CH; CH; СН; 


2-Methyl-1,3-pentadiene (with conjugated double bonds) is more stable than 2-methyl-1,4-pentadiene (with 
isolated double bonds). The rate-limiting step of the reaction is formation of the carbocation intermediate. 
2-Methyl-1,3-pentadiene forms a more stable carbocation intermediate than does 2-methyl- 1,4-pentadiene. 


Since the more stable reactant forms the more stable carbocation intermediate, the relative free energies 
of activation for the rate-limiting steps of the two reactions depend on whether the difference in the 
stabilities of the reactants is greater or less than the difference in the stabilities of the transition states 
leading to formation of the carbocation intermediates (which depend on the difference in stabilities of the 
carbocation intermediates). There is a significant difference in the stabilities of the carbocation intermedi- 
ates because one is stabilized by electron delocalization and one is not. The transitions states look more 
like the carbocation intermediates than line the alkenes. Therefore, the difference in the stabilities of the 
reactants is less than the difference in the stabilities of the transition states, so the rate of reaction of НВг 
with 2-methyl-1,3-pentadiene is the faster reaction. (If the difference in the stabilities of the reactants had 
been greater than the difference in the stabilities of the transition states, the rate of reaction of HBr with 
2-methyl-1,4-pentadiene would have been the faster reaction.) 
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Ts ты ү 
CH,=CCH=CHCH, === CH;CCH=CHCH; CH,C—CHCHCH; 
+ 
2-methyl-1,3-pentadiene 


Br Br 
ie СН» 
CH3;CCH = СНСН; СНзС==СНСНСН; 
| | 
Br Br 
4-bromo-4-methyl-2-pentene 4-bromo-2-methyl-2-pentene 
СН» CH3 СН» 


| | | р 
CH)>=CCH,CH=CH, = CH;,CCH;CH —CH; BE. сн снн =H, 


2-methyl-1,4-pentadiene Br 
4-bromo-4-methyl-1-pentene 


4-bromo-4 methyl-1-pentene 
4-bromo-4-methyl-2-pentene 


Free energy 


2-methyl-1,4-pentadiene 


4-bromo-2-methyl-2-pentene 


2-methyl-1,3-pentadiene 
— 
Progress of the reaction 


102. His recrystallization was not successful. Because maleic anhydride is a dienophile, it reacts with cyclopen- 


tadiene in a Diels-Alder reaction. 
O 
Ane + уе 
О О 
endo exo 
O 


Ж 


103. Ме saw in Problem 102 that maleic anhydride reacts with cyclopentadiene. The function of maleic 
anhydride in this reaction is to remove cyclopentadiene, since removal of a product drives the equilibrium 
toward products. 


104. Тһе bridgehead carbon cannot have the 120° bond angle required for the sp” carbon of a double bond, 
because if it did, the compound would be too strained to exist. 
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105. а. Unless the reaction is being carried out under kinetic control, the amount of product obtained is not 
dependent on the rate at which the product is formed, so the relative amounts of products obtained will 
not tell you which product was formed faster. 


b. In a thermodynamically controlled reaction, the product distribution depends on the relative stabili- 
ties of the products because the products come to equilibrium. Therefore, if the distribution of prod- 
ucts does not reflect the relative stabilities of the products, the reaction must have been kinetically 
controlled. 


6 
106. , As A à i 
7 А 4 
CR 3 О 
1 
О 2 
1 


107. а. The three resonance contributors marked with ап X are the least stable, because in these contributors 
the two negative charges are on adjacent carbons. 


b. Because these contributors are the least stable, they make the smallest contribution to the hybrid. 


a 


a 


отео 
[эше со 


108. Ме have classified cyclobutadiene as antiaromatic. However, the recent observation that cyclobuta- 
diene is rectangular and the observation that there are two different 1,2-dideuterio-1,3-cyclobutadienes 
both indicate that the т electrons are localized rather than delocalized. Localization of the 7 electrons 
prevents the compound from being antiaromatic. Apparently, the extreme instability associated with being 
antiaromatic causes cyclobutadiene to be rectangular. 
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Practice Test 


For each of the following pairs of compounds, indicate the one that is the more stable: 


+ + + + 
a. C 2- CH5 or . CH5 d. CH, == СНСН» or CH, — СНСН»СН» 


+ + 
= = CHCH CHCH 
b. CH,CHCH, ог CH;CHC=CH е. à у 


О 


| | 
c. CH,CHCH,CCH, ог CH;CHCCH; 


Draw resonance contributors for each of the following: 
a. CH4CH—CH-— ÖCH; 


+ 
b. CH,CH=CH—CH=CH—CH2 


О 
|| 


c. СЊњ— CH=CH — CH 


Which compounds do not have delocalized electrons? 


т 
CH;CH,NHCH=CHCH, CH;CCH,CH=CH, — СН›==СНСН›СН=СН» 
+ 


О 
сн›= Gabon CH3CH2NHCH2CH = CHCH; а 


What are the products of each of the following reactions? 


a. 


Which of the following pairs are resonance contributors? 


О o 
a. CH;CH,OH and CHOCH; с. бй бн апа бын 

О О О OH 
b. са апа а а. lici cH and сене On 
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6. Which of the following dienes can be used in a Diels-Alder reaction? 
oe CH) 
— ОО) СК O 
CH. 
CH, a 
7. Which is a stronger base? 


Ore Ove 


8. Draw resonance contributors for each of the following: 
NH, 
| CY 
" 
NH; 
| CY 
OF 
"O 
9. Which resonance contributor makes a greater contribution to the resonance hybrid? 
о" О CH3 CH; 
O- QÂ- Ô 
+ 
10. Indicate whether each of the following statements is true or false: 
a. A compound with four conjugated double bonds has four molecular orbitals. T 
b. фу апау» are symmetric molecular orbitals. T 
с. If y, is the HOMO in the ground state, y4 will be the HOMO in the excited state. Т 
d. If а is the LUMO, у, will be the HOMO. T 
e. If the ground-state HOMO is symmetric, the ground-state LUMO 
will be antisymmetric. T 
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п. 


12. 


13. 


14. 


15. 
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f. A conjugated diene is more stable than an isomeric-isolated diene. T F 
g. А single bond formed by an sp^—sp? overlap is longer than a single 

bond formed by an sp^—sp? overlap. T F 
h. The thermodynamically controlled product is the major product 

obtained when the reaction is carried out under mild conditions. T 
i. 1,3-Hexadiene is more stable than 1,4-hexadiene. T F 


Draw the four products that would be obtained from the following reaction. Ignore stereoisomers. 
CH; 


| 
„еа + НВг —— 
СН» 


What reactants are necessary for the synthesis of the following compound via a Diels-Alder reaction? 


CH; о 


CH; 


Rank the following carbocations in order from most stable to least stable: 


* + + + 
CH4CH—CHCH, CH;CH=CHCHCH; СН;СН== СНСН,СН› CH4CH— єн єн; 


CH; 


Two 1,2-products and two 1,4-products can be obtained from the following reaction: 


CH; 
of + HCl 


a. Which are the predominant 1,2- and 1,4-products? 


b. Which of the products is the product of thermodynamic control? 


What reagents could be used to convert the given starting material into the given product? 


(У wot 
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16. 


17. 


18. 


19. 


20. 


21. 
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Draw the product of the following reaction, showing its configuration: 


HOOC COOH 


CH,—CHCH=CH, 4 с=с —— 
/ \ 
H H 


For each of the following reactions, give the major 1,2- and 1,4-products. Label the product of kinetic con- 
trol and the product of thermodynamic control. 


CH; 


| 
а. CH—CH—C-—CH, + на 


CH; 


+ НВг 


Which are aromatic compounds? 


YOUQY 


Which are antiaromatic compounds? 


У0О Оу? 


Which compound has the greater delocalization energy? 


Which of the following is a stronger acid? 


O 


О 
а. OH || с. OH OH 
or S—OH 
| (= СТ 
b d NH 
or 


м 
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Answers to Practice Test 


О 


| C 
+ = 
a. ( уь c. CH;CHCCH, е. CHCH; 


b. CH,CHC = CH d. CH,=CHĊH, 
" _ ; 
a. CH;CH=CH—OCH; <= CH;CH—CH=OCH; 


+ + 
b. CH;CH=CH—CH=CH—CH, -—> CH,;CH=CH—CH—CH=CH) 


" 

CHCH; — CH— CH — CH=CH, 
О О 
| | 


с. CH—CH-—CH—CH —— CH,=CH—CH—CH -——- CH,=CH—CH=CH 


CH; 


| 
CH3CCH;CH=CH;  CH,—CHCH,CH—CH,  CH;CH;NHCH;CH— CHCH; 


Br 
Br Br 
m F Br, — + 
Вг 
О 
О | 
b. H3C Z || H3C CCH; HC 
+ i " 
SQ СН» 
ör 
| [т СН, 
CH;COH and СН;С=ОН в. И 
СН» 
m + + vm + 
Мн, МН» NH NH; 


o- 


NH, 
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Delocalized Electrons and Their Effect on Stability, pK, and the Products of a Reaction 


- Q” 


H3 


A compound with four conjugated double bonds will have four molecular orbitals. 


я в 


w, and у» are symmetric molecular orbitals. 
c. If yis the HOMO in the ground state, уд will be the HOMO in the excited state. 
d. If y, is the LUMO, y4 will be the HOMO. 


н 


If the ground-state HOMO is symmetric, the ground-state LUMO will be antisymmetric. 
A conjugated diene is more stable than an isomeric isolated diene. 


g. А single bond formed by an sp^—sp? overlap is longer than a single bond 
formed by an sp?—sp? overlap. 


h. The thermodynamically controlled product is the major product obtained when the 
reaction is carried out under mild conditions. 


i. 1,3-Hexadiene is more stable than 1,4-hexadiene. 


СН» Ts ri Tus Br T 
| 
сње—с=енесњ CH;C=C—CHCH,; CH,—C-—CCH;CH, BrCH,C=CCH,CH; 
| | | | 
Вг CH; CH; CH; CH; 


CH; 


\ 


+ + + + 
сњен= оп > CH;CH=CHCHCH; > CH,CH—CHCH; > CH,CH—CHCH;CH; 


CH; 


j ЄН; CH; CH; 


1,2 14 Cl Cl 


= 


с“ 
A-A- -Gr -o 
© 


Hd чт ыа чт оч 
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15. Bry m 


17. a. сй а 
С1 


product of kinetic control 


b. СН» Вг 


product of kinetic control 


| 
CH) — CH; —C — CH; 


COOH 


COOH 


product of thermodynamic control 


product of thermodynamic control 


OH NH; 


299 


This page intentionally left blank 


SPECIAL TOPIC II 


Molecular Orbital Theory 


Chemists use models to describe such things as the bonding in molecules, the stability of molecules, and the reac- 
tions between molecules. The model used is generally the one that provides the best description of the molecule 
under consideration. One very powerful model is molecular orbital theory. 


Electrons are assigned to a volume of space called an orbital. According to MO theory, covalent bonds are 
formed when atomic orbitals combine to form molecular orbitals. Let’s review some important principles: 


1. Orbitals are conserved. In other words, the number of molecular orbitals formed must equal the number 
of atomic orbitals combined. For example, when two atomic orbitals overlap, two molecular orbitals 
are formed—one lower in energy (a bonding MO) and one higher in energy (an antibonding MO, indi- 
cated by a*) than the overlapping orbitals. 


2. Electrons always occupy the available atomic orbitals with the lowest energy, and no more than two 
electrons can occupy an atomic orbital. Similarly, electrons always occupy the available molecular or- 
bitals with the lowest energy, and no more than two electrons can occupy a molecular orbital. 


3. The relative energies of the molecular orbitals are о < п < п* < 0". 


4. The strongest covalent bonds are formed by electrons that occupy the molecular orbitals with the low- 
est energy. For example, the energy of a с МО is lower than that of a т MO, and we have seen that a с 


bond is stronger than a 7r bond. 


There are two ways atomic orbitals can overlap to form molecular orbitals. Each of the overlapping atomic 
orbitals contributes one electron to the bond; a filled atomic orbital (it has two electrons) overlaps an empty atomic 
orbital. In each case, the electrons are stabilized (are lower in energy) as a result of orbital overlap. 


antibonding MO antibonding MO 
> > 
oD oN 
© 5 
= = 
m = 
bonding MO bonding MO 
Figure 1. Each of the overlapping atomic orbitals Figure 2. A bond is formed as a result of the overlap 
contributes one electron to the bond. of a filled atomic orbital with an empty atomic orbital. 


Using Molecular Orbital Theory to Describe Covalent Bond Formation 
I. Each of the Overlapping Atomic Orbitals Contributes One Electron to the Bond 


An H—H bond is formed by the overlap of a 1s atomic orbital of a hydrogen atom with a 1s atomic orbital of an- 
other hydrogen atom; each of the atomic orbitals contributes one electron to the molecular orbital. 


From Special Topic П of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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Figure 3 shows that the C—C bond in ethane is formed by the overlap of an sp? atomic orbital of carbon with 
an sp? atomic orbital of another carbon; again, each of the overlapping atomic orbitals contributes one electron to 
the bond. Figure 4 shows that the C—H bond of ethane is formed by the overlap of an sp? atomic orbital of carbon 
with an s atomic orbital of hydrogen. Because an s atomic orbital of hydrogen is more stable than an sp? atomic 
orbital of carbon, the MO formed by sp^—s overlap is more stable than the MO formed by sp^—sp? overlap. As 


a result, the C—H bond is stronger (and shorter) than the C—C bond. 


С» ФӘ 


6" antibonding MO 


|| С» <> 

ы) 

H 

= 

m sp? atomic sp? atomic 
orbital orbital 


o bonding MO 


Figure 3. The C—C bond of ethane is formed by sp^—sp? overlap. 


Or © 


с“ antibonding MO 


> 
o0 
5 ><» 
= 
m sp? atomic Q 
orbital s atomic 
orbital 
C» 
o bonding MO 


Figure 4. A C—H bond of ethane is formed by sp^—s overlap. 


Figure 5 shows that the two sp? atomic orbitals that overlap to form the C—O bond of an alcohol or of an ether 
do not have the same energy. Ап electron is more stable in the atomic orbital of the more electronegative atom. 


Thus, the C—O bond is a little stronger and shorter than the C—C bond. 
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Се cQ 


с“ antibonding MO 


sp? atomic Do 


orbital on C sp? atomic 
orbital on O 


Energy 


о bonding MO 


Figure 5. The C—O bond of an ether or of an alcohol is formed by sp^—sp? overlap. 


Figure 6 shows that the C—C a bond of ethene is formed by the overlap of an sp? atomic orbital of carbon 
with an sp? atomic orbital of another carbon. The т bond of ethene is formed by the side-to-side overlap of two p 
orbitals. A т molecular orbital is less stable than а с molecular orbital. The т bond, therefore, is weaker than the 
o bond. Examine a figure to see the molecular orbitals that are formed when the overlapping p orbitals do not each 
belong to the same kind of atom. 


C ә ФӘ 


6" antibonding MO 


3 - > 
50 
5 ><» 
m sp? atomic sp? atomic 
orbital orbital 
o bonding MO 


Figure 6. The C—C ø bond of ethene is formed by sp^—sp? overlap. 


II. A Filled Atomic Orbital Overlaps an Empty Atomic Orbital to Form a Bond 


The overlap of a filled atomic orbital with an empty atomic orbital is the second way two atomic orbitals can over- 
lap to form a bond (Figure 2). 


For example, the bond formed between a Lewis base (such as NH3) and а Lewis acid (such as ЕеВтз) results 
from the base sharing a pair of electrons with the acid. Bond formation results from the overlap of a filled sp? 


orbital of nitrogen with an empty orbital of iron. 


| | | | 
Br—Fe” + “мн - Br ты мн 

| | 

Br H Br H 
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Using Molecular Orbital Theory to Describe Chemical Reactions 


We have seen that most organic reactions involve the reaction of a nucleophile with an electrophile. Molecular 
orbital theory describes a reaction between a nucleophile and an electrophile as occurring as the result of the in- 
teraction of the HOMO (highest occupied MO) of the nucleophile with the LUMO (lowest unoccupied MO) of 
the electrophile, because the most stabilizing interaction is between orbitals closest in energy. Notice that in these 
examples, a filled orbital overlaps an empty orbital. The interaction of a filled orbital with an empty orbital is sta- 
bilizing, because the two electrons involved in bond formation end up in the lower-energy bonding MO and no 
electrons have to be placed in an antibonding MO (Figure 7). 


antibonding MO 


LUMO 
> 
po 
9| | HOMO } \ 
2 Y у 
|| 
| [ | 
' bonding МО ' 
MOs of the MOs of the 
nucleophile eletrophile 


Figure 7. The interaction of the HOMO of the nucleophile with the LUMO of the electrophile. 


We will start by looking at the reaction of 2-butene with HBr, an electrophilic addition reaction. 


CH4CH—CHCH, + ip a CH43CH— CH;CH, + :Br: CH4CH— CH,CH; 
e 21 


BE TN d Br 


In the first step of the reaction, the alkene is the nucleophile; the electrons of the 7 bond are in the 7 bonding MO; 
this is the HOMO. HBr is the electrophile. The electrons that form the H—Br bond are in a о bonding MO. There- 
fore, the LUMO of HBr is ће а“ antibonding MO (Figure 8). 


o* C—H 


+с— 


\ 


Епеггу 
N 


Figure 8. Interaction of the HOMO of the alkene with Figure 9. Interaction of the HOMO of Вг with the 
the LUMO of HBr. LUMO of the carbocation. 
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In the second step of the reaction, Вг is the nucleophile; its HOMO is a filled nonbonding sp? orbital. The carbo- 
cation is the electrophile; the LUMO is carbon's empty p orbital (Figure 9). 


MO theory is used to explain why the alkyl halide in an Sy2 reaction undergoes back-side attack, resulting in 
inversion of configuration. The filled nonbonding orbital of the nucleophile is the HOMO. The LUMO of the elec- 
trophilic alkyl halide is the с* antibonding MO, which has its largest lobe at the back of the carbon in the C—Br 
bond, so this is where overlap is best. 


MO theory is used to explain how a nucleophile reacts with a carbonyl group to form a tetrahedral species. 
Once again the reaction results from the interaction of the HOMO of the nucleophile and the LUMO of the elec- 
trophile. In this case, a filled nonbonding orbital of the nucleophile is the HOMO and the LUMO is the п* anti- 
bonding orbital of the carbonyl group. The т* antibonding orbital is largest at the carbon atom, so this is where the 
nucleophile overlaps. 


Molecular Orbital Theory and Delocalized Electrons 


Molecular orbital theory is useful to describe compounds with delocalized electrons. For example, assume that ter- 
tiary carbocations are more stable than secondary carbocations, which are more stable than primary carbocations, 
because the electrons in a filled ø bond are delocalized by overlapping the empty p orbital of the positively charged 
carbon. This kind of electron delocalization is known as hyperconjugation; it is one more example of the stabiliza- 
tion that results when a filled orbital overlaps an empty orbital. 


Molecular orbital theory avoids having to use contributing resonance structures, because the electrons in the 
most stable MO are delocalized over the entire molecule. For example, assume that 1,3-butadiene is more stable 
than 1,4-pentadiene, because the т electrons in 1,3-butadiene are delocalized over four sp? carbons, whereas the 
intervening methylene group in 1,4-pentadiene prevents the p orbitals of C-2 and C-4 from overlapping. Thus the 
т electrons of 1,4-pentadiene are localized, causing its molecular orbitals to have the same energy as those of eth- 
ene—another compound with localized electrons. 


Z~Z Am ` intervening 


methylene group 


1,3-butadiene 1,4-pentadiene 


Let’s now look at the molecular orbitals of the allyl cation, the allyl radical, and the allyl anion. 


+ . oo 
CH; — CH— CH) CH; — CH— CH) CH; == CH— CH) 
the allyl cation the allyl radical the allyl anion 
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The three p atomic orbitals of the three allyl carbons combine to produce three т molecular orbitals. 


№. – – 
о 


energy of the 
и 


р atomic orbitals 
. allyl cation allyl radical allyl anion 
п molecular orbitals 


Enegry 


Figure 10. The distribution of the electrons in the molecular orbitals of the allyl cation, the allyl radical, and 
the allyl anion. 


The bonding MO (y) encompasses the three carbons. In an acyclic system, the number of bonding MOs always 
equals the number of antibonding MOs. Therefore, when there is an odd number of MOs, one of them must be a 
nonbonding molecular orbital; у is the nonbonding MO. We have seen that as the energy of the MO increases, the 
number of nodes increases. Consequently у must have a node—in addition to the one that уу has—that bisects 
the p orbitals. The only symmetrical position for a node to pass through in y»; is through the middle carbon. You 
also know that it needs to pass through the middle carbon because that is the only way yr» can be fully antisym- 
metric, which it must be since y, and у; are symmetric. (Recall that MOs alternate between being symmetric and 
antisymmetric.) 


You can see why w is called a nonbonding molecular orbital—there is no overlap between the p orbital on the 
middle carbon and the p orbital on either of the end carbons. Notice that a nonbonding MO has the same energy as 
the isolated p atomic orbitals. The third MO (3) is an antibonding MO. 


The two 7 electrons of the allyl cation are in the bonding MO, which means they are spread out over all three 
carbons. Consequently, the two carbon-carbon bonds are identical, with each having some double-bond character. 
The resonance contributors show that the positive charge is shared equally by the end carbon atoms, which is an- 
other way of showing that the stability of the allyl cation is due to electron delocalization. 


+ + 
СН» ==- CH— СН» CH, — Сн== СН» 


The contributing resonance structures show that when a nucleophile such as Вг reacts with an allyl cation, the 
Br can bond to either of the end carbons—because they share the positive charge—but cannot bond to the middle 
carbon. Likewise, MO theory shows that only the end carbons have an empty orbital with which the filled orbital of 
Br can overlap. The central carbon has a node so there can be no interaction with this carbon. 


The allyl radical has two electrons in the bonding MO, so these electrons are spread over all three carbon atoms. The 
third electron is in the nonbonding MO. The MO diagram shows that the third electron is shared equally by the end carbons 
with none of the electron density residing on the middle carbon. This agrees with what the resonance contributors show. 


CH;—CH-— CH; CH;— CH=CH) 
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Finally, the allyl anion has two electrons in the nonbonding MO. These two electrons are shared equally by the 
end carbons. This, too, agrees with what the resonance contributors show. 


CH,—CH—CH, ~ > CH;—CH-—CH; 


We have seen that both molecular orbital theory and contributing resonance structures can be used to explain 
electron delocalization. The choice is a matter of preference. Hyperconjugation is probably best shown by mo- 
lecular orbital theory, because the contributing resonance structures that describe hyperconjugation would require 
breaking o bonds. Contributing resonance structures are sometimes preferred when one needs to see on which 
atoms charges reside. 
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Substitution Reactions of Alkyl Halides 


From Chapter 9 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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Substitution Reactions of Alkyl Halides 


Important Terms 


aprotic solvent 


back-side attack 


base 
basicity 
bifunctional molecule 


bimolecular reaction 


complete racemization 
dielectric constant 
elimination reaction 
first-order reaction 
intermolecular reaction 


intimate ion pair 


intramolecular reaction 


inversion of configuration 


ion-dipole interaction 
kinetics 

leaving group 
nucleophile 


nucleophilicity 
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a solvent that does not have a hydrogen bonded to an oxygen or to a nitrogen; 
some aprotic solvents are polar; others are nonpolar. 


nucleophilic attack on the side of the carbon opposite to the side bonded to the 
leaving group. 


a substance that accepts a proton. 
the tendency of a compound to share its electrons with a proton. 
a molecule with two functional groups. 


a reaction in which two molecules are involved in the transition state of the 
rate-determining step. 


formation of a pair of enantiomers in equal amounts. 

a measure of how well a solvent can insulate opposite charges from one another. 
a reaction that removes atoms or groups from the reactant to form a 7 bond. 

а reaction whose rate is proportional to the concentration of one reactant. 

a reaction that takes place between two molecules. 


an ion pair that results when the covalent bond that joined the cation and anion has 
broken, but the cation and anion are still next to each other. 


a reaction that takes place within a molecule. 


turning the carbon inside out like an umbrella so that the resulting product has a 
configuration opposite to that of the reactant. 


the interaction between an ion and the dipole of a molecule. 

the field of chemistry that deals with the rates of chemical reactions. 
the group that is displaced in a substitution reaction. 

an electron-rich atom or molecule. 


a measure of how readily an atom or molecule with a lone pair attacks another 
atom. 


nucleophilic substitution 
reaction 


partial racemization 
protic solvent 


rate constant 


rate law 


second-order reaction 


541 reaction 
Sy2 reaction 


solvent-separated ion pair 


solvolysis 
steric effects 


steric hindrance 


substitution reaction 


unimolecular reaction 


Substitution Reactions of Alkyl Halides 


a reaction in which a nucleophile substitutes for an atom or group. 


formation of a pair of enantiomers in unequal amounts. 
a solvent that has a hydrogen bonded to an oxygen or to a nitrogen. 


the constant of proportionality in the rate law for a reaction; it describes how dif- 
ficult it is to overcome the energy barrier of a reaction. 


the equation that shows the relationship between the rate of a reaction and the con- 
centration of the reactants. 


а reaction whose rate is dependent on the concentration of two reactants, or on the 
square of the concentration of two reactants. 


a unimolecular nucleophilic substitution reaction. 
a bimolecular nucleophilic substitution reaction. 


an ion pair that results when the cation and anion are separated by one or more 
solvent molecules. 


reaction with a solvent. 
effects due to the fact that groups occupy a certain volume of space. 


caused by bulky groups at the site of a reaction that make it difficult for the reac- 
tants to approach each other. 


a reaction that exchanges one substituent of a reactant for another. 


a reaction in which only one molecule is involved in the transition state of the rate- 
determining step. 


311 


Substitution Reactions of Alkyl Halides 


Solutions to Problems 


1. DEE is formed when НС is eliminated from DDT. 
Cl Cl 
Cl | | С1 
DDE 
2. Methoxychlor has methoxy groups in place of the chlorines on the benzene rings of DDT. These methoxy 


groups can form hydrogen bonds with water, making methoxychlor more soluble in water and, therefore, 
less soluble in fatty tissues. 
3. rate = К [alkyl halide | [ nucleophile | 
original: rate = К | 1.0] [1.0] 
a. rate = К [ 1.0] [3.0] = 3.0 The rate is tripled. 
b. rate = К [0.50 ] [1.0] = 0.50 The rate is cut in half. 
с. rate = К [0.5] [2.0] = 1.0 The rate is not changed. 


4. Increasing the height of the energy barrier decreases the magnitude of the rate constant; this causes the 
reaction to be slower. 


5. The closer the methyl group is to the site of nucleophilic attack, the greater the steric hindrance to nucleo- 
philic attack and the slower the rate of the reaction. 


ie ie ү 
CH,CH;CH,CH;CHjBr > CH4CHCH;CHjBr > CH,CH;CHCHjBr > енени: 


СН» 
б. a. Solved in the text. 
сњ је“ 
СЊО 
pom ——- C 
b. CH;CH, \ H H'/ `CH,CH; 
Br CH3O 
(R)-2-bromobutane (S)-2-methoxybutane 
СЊСЊСН СЊСЊСН 
| HO” | 
с. CH,CH,~ N'H н“/ ~CH,CH, 
1 
(S)-3-chlorohexane (R)-3-hexanol 
О 
д. M кын M Ба мека 
1 OH 
3-iodopentane 3-pentanol 
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Substitution Reactions of Alkyl Halides 


a. Solved in the text. 


= 

о 
G 
© 
= 

Q 

E 

o 
о 
= 
© 
Q 
К 
© 
a 


Cl CH;CH,O 
a. d the primary alkyl halide is less sterically hindered than the secondary alkyl halide 
(the CH; group is farther away from the back side of the carbon attached to the Br) 
Br 
Br 


Br is a weaker base; therefore, it is a better leaving group 


with one methyl and one ethyl group, this alkyl halide is less sterically hindered 
than the other alkyl halide that has two ethyl groups 


the primary alkyl halide is less sterically hindered than the secondary alkyl halide 


A protic solvent has a hydrogen bonded to an oxygen or to a nitrogen, whereas an aprotic solvent does not 
have a hydrogen bonded to an oxygen or to a nitrogen. 


a. aprotic b. aprotic с. protic d. aprotic 


RO because ROH is a weaker acid than RSH since the hydrogen is attached to a smaller atom. 
b. RS because it is less well solvated by water and sulfur is more polarizable than oxygen. 
c. RO because, although they differ in size, they are in an aprotic solvent. Remember that the stronger 
base is always the better nucleophile in an aprotic solvent. 
Remember that the stronger base is always the better nucleophile unless they differ in size AND they are in 
a protic solvent. 


They differ in size and because they are in a protic solvent, the larger one (Br ) is the better nucleophile. 


b. They differ in size and because they are in an aprotic solvent, the stronger base (CI ) is the better 
nucleophile. 

c. Because the oxygen is negatively charged, СНО is the better nucleophile. 

d. Because the oxygen is negatively charged, СНО is the better nucleophile. 

e. Because H,O is a stronger acid than NH3, NH; is the stronger base and the better nucleophile. 

f. Because ЊО is a stronger acid than NH3, NH; is the stronger base and the better nucleophile. 

g. They differ in size and because they are in a protic solvent, the larger опе (I ) is the better nucleophile. 
h. They differ in size and because they are in an aprotic solvent, the stronger base (Br ) is the better 


nucleophile. 
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Solved in the text. 


a. СНзСН>Вг + HO. 
b. CHsCHCHaBr + НО 
CH; 


c. CH4CH,Cl + СН; 


d. CHCHjBr + Г 


These are all Sy2 reactions. 


a. CH,CH,OCH,CH,CH; 
b. CH,CH,C=CCH; 


Solved in the text. 


Substitution Reactions of Alkyl Halides 


HO isa better nucleophile than H5O. 

This alkyl halide has less steric hindrance 

toward nucleophilic attack. 

СН»$ is a better nucleophile than CH3O in a protic 


solvent (a solvent that can form hydrogen bonds). 


Br is a weaker base than СГ, 
so Br is a better leaving group. 


+ 
с. СН»СН»\М(СН»)» Вг 


d. CH,CH,SCH,CH, 


a. Reaction of an alkyl halide with ammonia gives а low yield of primary amine, because as soon as the 


primary amine is formed, it can react with another molecule of alkyl halide to form a secondary amine; 
the secondary amine can react with the alkyl halide to form a tertiary amine, which can then react with 
an alkyl halide to form a quaternary ammonium salt. 


The alkyl azide is not treated with hydrogen until after all the alkyl halide has reacted with azide ion. 
Therefore, when the primary amine is formed, there is no alkyl halide for it to react with to form a 
secondary amine. 


a. b. mc d 
OCH; OCH, OCH; 
one product because the leaving R and S because the leaving 
group was not attached to an group was attached to an 


asymmetric center 


asymmetric center 


trans-4-Bromo-2-hexene (the compound on the right) is more reactive in an Syl solvolysis reaction, 
because the carbocation that is formed is stabilized by electron delocalization. (It is a secondary allylic 
cation.) The other alkyl halide is a secondary alkyl halide and does not undergo an Sy1 solvolysis reaction. 


H CH H CH H CH 
p е ре ? мы. d з 
305 СМ = KI N = и’ +\ 
uoi CH3CH;CH H CH3CH;CH H 
+ 
CBr 
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a. Br the benzyl halide is more reactive 
(an aryl halide cannot form a carbocation) 


Br the allylic halide is more reactive 
b. P (a vinyl halide cannot form a carbocation) 
a. Br the benzyl halide is more reactive 


(an aryl halide cannot undergo back-side attack) 


Br the allylic halide is more reactive 
a vinyl halide cannot undergo back-side attack 
b. p ( y g ) 
+ 
као жы ше E 
Cl 
O О 


3-chloro-3-methyl-1-butene p | 
| - | rm 
О 
XA үү 
9 О 


2 CHOH 
a. ММ NBr + СН.О ла У “осн; 


N 


CH4OH Ба 
b. ве Е и P 


nl g 
= ps 
ОСН; 
+ 

осн, 2 

D 
a. wA “сн, CH, МН, is a good nucleophile, so this is ап Sy2 reaction. 
H.Nt ^ The product has the inverted configuration compared to that of the reactant. 

SX 


CH, OCH; 


b. акыш. Гон ü enon еы 


Once the tertiary carbocation forms, methanol can attack the sp? carbon from the top or the 
bottom of the planar carbocation. 
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Substitution Reactions of Alkyl Halides 


с. 
o Sy2 gives back-side attack only. 


“OCH, 


d. 
A T A Syl gives back-side and front-side attack. 
OCH, “OCH 


3 


The rate of an Sy1 reaction is not affected by increasing the concentration of the nucleophile, whereas the 
rate of an 532 reaction is increased when the concentration of the nucleophile is increased. Therefore, we 
first have to determine whether the reactions are Syl ог Sy2 reactions. 


А is an 532 reaction because the configuration of the product is inverted compared with that of 
the reactant. 


В is an Sy? reaction because the reactant is a primary alkyl halide. 


С isan Syl reaction because the reactant is a tertiary alkyl halide. 


Because they are 572 reactions, the rate of A and B will increase if the concentration of the nucleophile is 
increased. 
Because it is an Syl reaction, the rate of C will not change if the concentration of the nucleophile is 
increased. 


Because both reactants in the rate-limiting step are neutral, the reaction will be faster if the polarity of the 
solvent is increased. 


a. Increasing the polarity will decrease the rate of the reaction because the concentration of charge on the 
reactants is greater (the reactants are charged) than the concentration of charge on the transition state. 


b. Increasing the polarity will decrease the rate of the reaction because the concentration of charge on the 
reactants is greater (the reactants are charged) than the concentration of charge on the transition state. 


c. Increasing the polarity will increase the rate of the reaction because the concentration of charge on the 
reactants is less (the reactants are not charged) than the concentration of charge on the transition state. 


a. CH3Br + HO CH4,OH + Br 


HO isa better nucleophile than H5O. 


b СН + НО" — M CHOH + I 


Г is a better leaving group than СТ. 


d 
с. СН»Вг + NH3 CH3NH3 + Br 


NH; is a better nucleophile than H,O. 


d. CH;Br + HOT —2MSO, CHOH + Br 


Unlike ethyl alcohol, DMSO will not stabilize the nucleophile (and therefore decrease the rate of the 
reaction) by hydrogen bonding. 


А 
e СН;Вг + NH, —20H.  CH,NH, + Br 


А more polar solvent is able to stabilize the transition state. (EtOH is ethanol.) 


29. 


30. 


31. 


32. 


33. 


Substitution Reactions of Alkyl Halides 
Solved in the text. 


Acetate ion will be a better nucleophile in dimethyl sulfoxide because dimethyl sulfoxide will not stabilize 
the negatively charged nucleophile by ion-dipole interactions, whereas methanol will stabilize it by ion- 
dipole interactions. 


Only an Syl reaction will give the product with retention of configuration. Because the Syl reaction is 
favored by a polar solvent, a greater percentage of the reaction will take place by an Syl pathway in 5096 
water/50% ethanol, the more polar of the two solvents. 


a H бе чи NA Br because it forms a six-membered ring, whereas the other compound 
would form a seven-membered ring. A seven-membered ring is 
more strained than a six-membered ring, so the six-membered ring 
is formed more easily. 


b. НО „ч because it forms a five-membered ring, whereas the other compound 
Br would form a four-membered ring. A four-membered ring is more 
strained than a five-membered ring, so the five-membered ring is 

formed more easily. 


с. НО км „ч because it forms a seven-membered ring, whereas the other 
Br compound would form an eight-membered ring. An eight-membered 
ring is more strained than a seven-membered ring, so the seven- 
membered ring is formed more easily; also, the Br and OH in the 
compound that leads to the eight-membered ring are less likely to 
be in the proper position relative to one another for reaction because 
there are more bonds around which rotation to an unfavorable con- 
formation can occur. 


a. When hydride ion removes a proton from the OH group, the alkoxide ion cannot react in an intramo- 
lecular reaction with the alkyl chloride to form an epoxide, because it cannot reach the back side of the 
carbon attached to the chlorine. Thus, the major product will result from an intermolecular reaction. 


b. Hydride ion removes a proton from the OH group more rapidly than it attacks the alkyl chloride. Once 
the alkoxide ion is formed, it attacks the back side of the alkyl chloride, forming an epoxide. 
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c. Hydride ion removes a proton from the OH group, and the alkoxide ion attacks the back side of the 
carbon attached to the bromine, forming a six-membered ring ether. 


H- .. — 
BrCH,CH,CH,CH,CH,OH ж она ананан — > C 
О 


d. Hydride ion removes a proton from the OH group, and the alkoxide ion attacks the back side of the 
carbon attached to the chlorine, forming an epoxide. 


CH, CH, N єн; 


| н- | 
= = us 
се E CH; CI CHCH, "5 


OH 7:0: 


е. After the halohydrin is formed, hydride ion removes a proton from the OH group and the alkoxide ion 
forms an epoxide. 


С H 
CH3CH,CH,CH = CH; ear и — СН,СІ ——= ставови —CH,Cl 
2 


OH Oo 


| 


CH,CH,CH, 


O 


34. Instead of attacking the back side of the carbon to the right of the sulfur, the nucleophile attacks the back 
side of the carbon to the left of the sulfur. 


NH) NH? 
N + М 
i [S NH3 i [S 
м М О м М 
^ О — т О 
ый || o 1 
О: СНз CH3 
О HO OH но OH 
35. a. СЊСЊСЊОН с. СЊСЊСЊУСН е. CH;CH;CH;OCH4 
E 
b. CH,CH,CH;NH, d. CH,CH,CH,SH Ё CH;CE;CHoNEoCH, 


(Notice that the product in part с is not protonated because its pK, is ~ —7; the product in "f" is proton- 
ated because its pK, is ~ 11. In part ё, CHHNH(CH;CH;CH3); and CH4N(CH;CH;CH,); can also be formed, 
depending on the concentration of 1-bromopropane; see Problem 15) 
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36. 


37. 


38. 


39. 


40. 


41. 


Substitution Reactions of Alkyl Halides 


If the atoms are in the same horizontal row of the periodic table, the stronger base is the better nucleophile. 
If the atoms are in the same column, the larger atom is the better nucleophile in the protic polar solvent 
because the solvent will form stronger hydrogen bonds with the smaller atom. 


а. НО c. Н>5 е. Г 
b. NH; d. HS. f. Br 


The weaker base is the better leaving group. 


HO c. HS e ЈЕ 
b. H,O d. HS f. Br 
а. HO. с CH4NH5 e СЊСЊ5 2. CN 
| 
b. CHO d. HS. f. CH3CO- h. CH,CH,C=C 


In part c, a tertiary amine and a quaternary ammonium ion can also form unless a large excess of СН;М№Н, 
is used. (See Problem 15) 


The rate will be increased nine-fold. 

The reaction will be slower because of the more polar solvent. 

The reaction will be slower because it will be an 532 reaction with a poor nucleophile. 
The reaction will be slower because the leaving group will be poorer. 

The reaction will be slower because there will be more steric hindrance. 


РЕОРЕ 


a. The reaction will be slower because the leaving group will be poorer. 
b. The reaction will be slower because it will be an $32 reaction with a poor nucleophile. 


" Br OCH; 
g HBr CY CH40- CY 
+ 
b. Br NH;CH; NHCH; 
HBr CH3NH5 HO- Ө; 


(A large excess of methylamine will have to be used in the second step in order to minimize the 
formation of a tertiary amine and a quarternary ammonium ion.) 


с. Half of the cyclohexene is converted to bromocyclohexane, and half is converted to an alkoxide ion. 
The ether is formed from the reaction of bromocyclohexane with the alkoxide ion. 


Br 


я 
= © =e ben 
I 


OH 
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O 
| 
42. а. СЊСЊУ > СЊСЊО“ > СЊСО“ с. NH, > ЊО 
b. O > (> d I > Br > СГ 
43. The pK, would increase (it would be a weaker acid) because of a decreased tendency to form a charged 


species in a less polar solvent. (See Problem 29.) 


44. а. Г 
CH3CCH3 
i ^ ~. CH3 СН» 
E | CH3CH;0H | 
CH3CCH;  —5-?"". СЊССНз 
^ H,O | 
СН» Br СГ ОСН»СН» 
owe 
TECHN 
"P 


+ CH;CCH; 


b. The products are obtained as a result of the nucleophiles reacting with the carbocation. 2-Bromo- 
2-methylpropane and 2-chloro-2-methylpropane form the same carbocation, so both alkyl halides form 


the same products. 


45. a. The S42 reaction takes place with inversion of configuration. 
пнен, CILGEUCHS 
CH407 
„©, Mc шше Е м 
Br \ H НИ ОСН; 
СН» СН» 


(R)-2-bromopentane 


or 
СН» 
Вг H БР 
CH5CH;CH; 
CH,CH; 
| CH,OH 
С... ———- 
b. CH;CH,CH,CH,~ \ “СН; 
Br 
(R)-3-bromo-3-methylheptane 
or 
CH5CH; 
Br CH; CH,OH 
CH,CH,CH,CH, 
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(S)-2-methoxypentane 


CH; 
H OCH; 
CH;CH;CH; 
шын 
„С 
CH,CH;CH,CH; ^ \”СНз 
ОСН; 


(R)-3-methoxy-3-methylheptane 


CH,CH, 
CH4O CH, 
CH,CH,CH,CH; 


+ CH, 


(чун, 
“С. 
CH;7 ~CH,CH,CH,CH, 
CH;O 


(S)-3-methoxy-3-methylheptane 


CH,CH; 
OCH; 
CH,CH,CH,CH, 


Substitution Reactions of Alkyl Halides 


СНЗСН2ОН 
сња 2, CH,OCH,CH; 


о 


CH,OH 

d. CH,—CHCH;CI : CH, =CHCH,OCH; 

H30 
e. CHCH =CHCH,Br | CH4CH — CHCH;OCH, 
CH40H 
f. CH,CH=CHCH,Br | CH,CH—CHCH,OCH, + нн =CH, 
OCH; 

46. a. 


A CH;CH,OH ol 
both the R and 5 
Br 


stereoisomers 
are obtained 


rs 
СЊВг CH, СН» 
Ata жы Cr 
+ Вг 


OCH;CH; 


n 
ccion CH3CH,0H 
СЊОСЊСНз CH5 
+ 
OCH;CH; 
both the R and 5 
stereoisomers are obtained 
Br Br 
| CH3CH,0H | CH3CH,OH 
27 SS 
OCH,CH; OCH3;CH; 
This compound has an asymmetric This compound has an asymmetric 
center, so both the R and 5 center, so both the R and 5 
stereoisomers will be obtained. stereoisomers will be obtained. 


47. Methoxide ion will be a better nucleophile in DMSO, because DMSO cannot stabilize the anion by hydro- 
gen bonding. 


48. a. CH;S- The nucleophile is less sterically 
b.m = А. s^ * Cr hindered. 
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He The electron-withdrawing oxygen 
b. о а TES о on + CF increases the electrophilicity of the 
carbon that the nucleophile attacks. 


Steric strain is decreased when the 

alkyl halide dissociates to form the 

а H20 OH + њо + сг carbocation because the hybridiza- 

è tion of the carbon changes from 
sp? to sp”, allowing the bond angle 

between the bulky groups to increase 


from 109.5° to 120°. Therefore, the 
carbocation is more stable and there- 
fore is formed more rapidly. 


(CH3)3COH + HBr Because the reactants are neutral, 
the reaction will be faster in the 
more polar solvent. 


d. (CH3)3CBr 


49. de d d Pac айыл N ет 
+ 

YN | 

ПИ s + сна 

974 | 

ја ANN N cd 

+ 

YN | 
50. 
51. OH 

— —- HO 
МН» 
CH30 + HBt 
NH, 
N 
„ IL» 
Ww 
N N 
О 
OH OH 
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52. The slow step of the solvolysis reaction is formation of the carbocation. Because the products of the slow 
step are charged, they will be better stabilized by formic acid than by acetic acid, because formic acid has 
a greater dielectric constant. Because the products are more stabilized, the transition state leading to them 
will also be more stabilized, so the reaction will be faster in the solvent with the greater dielectric constant. 
Therefore, the second reaction 15 faster. 


slow step a – 
ве + а 
а hd 


53. а. We can predict that this is an Syl reaction because acetate ion is a relatively poor nucleophile and the 
alkyl halide is tertiary. 
CH; CH; CH3 
та СНСН»›СН» бш БИ == СНСН»›СН» dic — CHCHCH;CH; 
à И : АШ. er 
ка “а 
CH; СН» 


| 
CH3CCH —CHCH;CH; F CH3C = CHCHCH?;CH; 


| 
OCCH; OCCH; 


|| || 
О О 


b. We can predict that this is an 531 reaction because acetate ion is a relatively poor nucleophile. 


СН» СН» 
+ 
Вг 
О О 


сњсо“ сњсо“ 


О 
|| 


CH; 
CH4CO. „СН; 
li g 
өеп 
О 


CH; 
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54. 


55. 


56. 


57. 
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= H, 
a. CH,CH,CHjBr + HC=C ——— CH,CH,CH,C = СН — „= CH3CH,CH,CH,CH; 


H5SO,, HgSO; || 


b. CH4CH;CH;Br + нс=< = CH4CH;CH;C = CH = CH4CH;CH;CCH; 


H,O 
= 1. R,BH/THF 
с. CH,CH,CHjBr + HC=C — —- CH,CH,CH,C=CH ўро њо њо" 5 
| 
CH,CH,CH,CH,CH 
= H, 
d. CH,CH,CHjBr + НСЕС — —- CH,CH,CH,C =CH -—7—= CH,CH;CH;CH—CH; 
catalyst | 
RCOOH 


Z/N 
CH4CH;CH;CH S CH, 


The equilbrium contstant is given by the relative stabilities of the products and reactants. Therefore, any 
factor that stabilizes the products will increase the equilibrium constant. 


_ [products | 
*5 [reactants ] 


Ethanol will stabilize the charged products more than will diethyl ether because ethanol has a greater 

dielectric constant. Therefore, the equilibrium will lie farther to the right (toward products) in ethanol. 

a. The reaction with quinuclidine had the larger rate constant because quinuclidine is less sterically 
hindered as a result of the substituents on the nitrogen being pulled back into a ring structure. 

b. The reaction with quinuclidine had the larger rate constant for the same reason given in part a. 


с. Isopropyl iodide has the larger difference in rate constants and therefore the larger Kguinuctidine / Kiriethylamine 
ratio because, since it is more sterically hindered than methyl iodide, it is more affected by differences 
in the amount of steric hindrance in the nucleophile. 


Because methanol is a poor nucleophile, the reaction will take place predominately via ап Sy1 pathway. 
The bromine that will depart is the one that forms a secondary benzylic cation and not the one that would 
have to form a secondary carbocation. The nucleophile can approach from the top or the bottom of the pla- 
nar carbocation. 


OCH; ОСН: 


у Cel 
Br Br 
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Substitution Reactions of Alkyl Halides 


The number of atoms in the ring is given by n. Three- and four-membered rings are strained, so they are 
harder to make than five- and six-membered rings. The three-membered ring is formed faster than the 
four-membered ring because the compound leading to the three-membered ring has one less carbon-carbon 
single bond that can rotate to give a conformer in which the reacting groups are positioned too far from one 
another for reaction. 


Br Pu 
са С: 
"SES ОР 
HN~ Cp, Cg; «CH 


Even though the compound that forms the five-membered ring has one more bond that can rotate to give a 
conformer in which the reacting groups are positioned too far from one another for reaction (compared to 
the compound that forms the four-membered ring), the five-membered ring is formed faster because it is 
relatively strain free. So lack of strain more than makes up for the lower probability of having the reacting 
groups in the proper position for reaction. 


The rate of the ring-forming reaction gets slower as the size of the ring being formed gets larger, because 
the reactant has more bonds that can rotate to give conformers in which the reacting groups are positioned 
too far from one another for reaction. 


Because all the reactions are Sy2 reactions, the configuration of the asymmetric center attached to the Br in 
the reactant will be inverted in the product. 


CH5CH; 
a. H H 
E “CH or СНзО H 
u C—C 3 
H 
CH H 
CH3CH) CH>CH3 GRAS) 3 
CH,CH3 
СН»СН» 
b. CH30 H E 
С c^ CH5CH3 or СНО Н 
\ "xs СН» 
СНзСН» СН» RAR) 3 
CH2CH3 
СЊСНз 
с. CH3CH2 H - 
Несс CHCH, 0r H OCH; 
v] СН; 
СНО СН» (35,АК) 
СН»СН» 
CH2CH3 
d. CHCH, H 
Несс CH; or H OCH; 
H 
3 
СЊО СЊСНза (38,45) 
СН»СН» 
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60. а. LCH,CH,C-CCH,CH, 2. CH;CH,CH,OCH, 
b. CH,;CH,C=C + CH,CH,CH,CH,Br or CH,CH,CH,CH,C=C + CH,CH,Br 


с. CH,CH,O + Е ог СЊСНСЊСЊО + CH;CH,Br 


CH; CH; 
61. CH, CH, xf) CH; 
2 | СН; СН; 
Ontos — Qube — (ш — OK 
D r R A 
G Е СН.ОН 
' 
СН» СН» 
+ СН 
CH4OH єн, - Fd 
Нн + OCH, СОН em 
H 
62. Tetrahydrofuran can solvate a charge better than diethyl ether can, because the floppy ethyl substituents 


of diethyl ether provide steric hindrance, making it difficult for the nonbonding electrons of the oxygen to 
approach the positive charge that is to be solvated. 


acetone 


63. | CH4CH;Cl] + Kr CHCH + К*СГ 


V. К*СГ precipitates out 
in acetone, which drives 
the reaction to the right. 


64. a. 
Br 


Br r Br 
— > — > + 
O J ‘Br 6 | О оң О (он 
H H 


B 
E 


CHOH 


Br Br 
Cry + AX 
O^ “OCH; O^ “ОСН; 


+ HB* + HB* 


b. Two products are obtained because methanol can add to the top or the bottom of the planar double bond. 


с. One bromine is eliminated with the help of one of oxygen’s lone pairs, forming a carbocation where 
the positive charge is shared by a carbon and an oxygen. The oxygen cannot help the other bromine 
dissociate. 
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65. A Diels-Alder reaction between hexachlorocyclopentadiene and 1,4-dichlorocyclopentene forms 
chlordane. 
Cl 
Cl Cl 
Cl 
+ Cl 
1 
С1 n 
CI 
66. I isa good nucleophile in a polar solvent such as methanol, so it reacts rapidly with methyl bromide, caus- 
ing the concentration of Г to decrease rapidly. 
A fast 


T н: Br > CH;—I + Вг: 


I is a good leaving group so methyl iodide undergoes ап Sy2 reaction with methanol. 
Methanol is a poor nucleophile, so the 542 reaction is slow. Therefore, iodide ion returns slowly to its 
original concentration. 


ВЕ 1 pcm 
сњбн + сн, === CHOCH; + Й + H* 
os 


67. It will not undergo ап Sy2 reaction, because of steric hindrance to back-side attack. 
It will not undergo an Syl reaction, because the carbocation that would be formed is unstable, since the 
ring structure prevents it from achieving the 120? bond angles required for an sp? carbon. 


68. The equation needed to calculate Кы from the change in free energy is as follows: 
—AG? 
In Keg = 
RT 
—(—21.7 kcal mol !) 21.7 
In Kj, — = 


*5 0.001986 kcal mol! K ! x 303K 0.60 
In Keg = 36.1 
Ка = 4.8 X 109 


As expected, this highly exergonic reaction has a very large equilibrium constant. 
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Practice Test 


Which of the following is more reactive in ап Sy1 reaction? 


{У снсњсн, ог € \-cuscnen, 
Br Br 


Br Br 


| | 
b. CH;CH=CCH; or CH;CH—CHCHCH; 


Which of the following is more reactive in an 52 reaction? 


CH; CHCH; 


| | 
a. СЊСЊСНВг ог — CH3CH;CHBr 


e Br or (у СН,Вг 


Draw the product(s) of ће following reactions, showing the stereoisomers that аге formed: 


CHO OF 


CHOH 
b. С — 


СН» 
с. Н р, Вг Ber 
СЊСНа 
СН» 
а | CH,NH, 


ic, 
CH;CH,~ МН high 
CI 


concentration 


CH40H 
e. CH,CH—CHCH,Br 


Substitution Reactions of Alkyl Halides 


Indicate whether each of the following statements is true or false: 


a. Increasing the concentration of the nucleophile favors an Sy1 reaction over 
an Sy2 reaction. T 


b. Ethyl iodide is more reactive than ethyl chloride in an Sy? reaction. T 


c. Шар Syl reaction, the product with the retained configuration is obtained 


in greater yield. T E 
d. The rate of a substitution reaction in which none of the reactants is charged 

will increase if the polarity of the solvent is increased. T 
e. Ап Sy2 reaction is a two-step reaction. T 


f. The pK, of a carboxylic acid is greater in water than it is in a mixture of 
dioxane and water. T Е 


g. 4-Bromo-1-butanol will form a cyclic ether faster than will 3-bromo-1-propanol. T F 


Answer the following: 
a. Which is а stronger base, СНО or CHSS ? 
b. Which is a better nucleophile in an aqueous solution, СНО or CHSS 2 
For each of the following pairs of 542 reactions, indicate the one that occurs with the greater rate constant 
(that is, occurs faster): 
a. СЊСЊСЊС + HO or  CHSCHCH, + НО“ 
à 
b. CH;CH?CH?C] + HO or  CH;CH;?CHj] + НО“ 


c. CHa3CH;CH9Br + НО or CH3CH2CH»Br + ЊО 


d. CH3CHCH; СО“ or CH4CHCH, _CH307 
| НО/СНзОН | CH3OH 
Br Br 


e. BrCH,CH,CH,CH,NHCH;3 ог BrCH;CH;CH5NHCHs 


Circle the aprotic solvents. 


a. dimethyl sulfoxide b. diethyl ether c. ethanol d. hexane 


How would increasing the polarity of the solvent affect the following? 
the rate of ће 572 reaction of methylamine with 2-bromobutane 


a 
b. the rate of the Sy1 reaction of methylamine with 2-bromo-2-methylbutane 


о 


the rate of ће 572 reaction of methoxide ion with 2-bromobutane 


= 


the pK, of acetic acid 


e. the pK, of phenol 
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Answers to Practice Test 


Br 
a. (Sese b. бийби ни: 
i 
CH; 
a. GELEH;CHBE b. =“ 


снн, СН,СН; 
А е H 
сөн не С O 
x OCH; СНзО " 
R 
d. TH e. CH4CH = CHCH;OCH4 E HR ==СН› 
Н С ОСН» 
син CHCH; Rand 5 


гс oe 


Increasing the concentration of the nucleophile favors ап Sy1 reaction over an Sy? reaction. 


Ethyl iodide is more reactive than ethyl chloride in ап Sy2 reaction. 
In an Sy1 reaction, the product with the retained configuration is obtained in greater yield. 


. The rate of a substitution reaction in which none of the reactants is charged will increase 


if the polarity of the solvent is increased. 
An 532 reaction is a two-step reaction. 
The pK, of a carboxylic acid is greater in water than it is in a mixture of dioxane and water. 


2. 4-Bromo-1-butanol will form a cyclic ether faster than will 3-bromo-1-propanol. 


THT 


У = пл 


а. СН,07 b. CHS 
а. CH,CH;CH;CI + НО c. CH;CH,CH,Br + НО“ е. BrCH,CH,CH,CH,NHCH; 
u CH3O^ 
b. CH3CH,CH I se HO d. сын CHOH 
Br 


All are aprotic solvents except ethanol. 


a. The rate of the reaction would increase. 
b. The rate of the reaction would increase. 


c. The rate of the reaction would decrease. 


d. The pK, would decrease. 


e. The pK, would decrease. 


Elimination Reactions of Alkyl Halides * Competition Between Substitution and Elimination 


From Chapter 10 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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Elimination Reactions of Alkyl Halides • Competition Between Substitution and Elimination 


Important Terms 


anti elimination 


anti-periplanar 


dehydrohalogenation 


deuterium kinetic 
isotope effect 


elimination reaction 


p-elimination reaction 


or 


1,2-elimination reaction 


Е1 reaction 
E2 reaction 
regioselectivity 


sawhorse projection 


syn elimination 


syn-periplanar 
target molecule 


Williamson ether 
synthesis 


Zaitsev's rule 
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an elimination reaction in which the substituents being eliminated are removed 
from opposite sides of the molecule. 


substituents are attached to parallel bonds on opposite sides of a molecule. 
elimination of a proton and a halide ion. 

ratio of the rate constant obtained for the reaction of a compound containing 
hydrogen and the rate constant obtained for the reaction of an analogous compound 
in which one or more of the hydrogens have been replaced by deuterium. 

a reaction that removes atoms or groups from the reactant to form a т bond. 

an elimination reaction where the groups being eliminated are bonded to adjacent 
carbons. 

a unimolecular elimination reaction. 

a bimolecular elimination reaction. 


the preferential formation of a constitutional isomer. 


a way to represent the three-dimensional spatial relationships of atoms by looking 
at the carbon-carbon bond from an oblique angle. 


an elimination reaction in which substituents being eliminated are removed from 
the same side of the molecule. 


substituents are attached to parallel bonds on the same side of a molecule. 

the desired end product of a synthesis. 

formation of an ether from the reaction of an alkoxide ion with an alkyl halide. 
the rule that states that the more stable alkene product of an elimination reaction is 


obtained by removing a proton from the В-сагБоп that is bonded to the fewest 
hydrogens. 


Elimination Reactions of Alkyl Halides * Competition Between Substitution and Elimination 


Solutions to Problems 


СН» СН» СН» 
a = СНСН; b. inc == СНСН; с. оН == СН, 
бн, 
КА The alkene (2-butene) that is formed is more stable than the alkene 
(1-butene) that is formed from the other alkyl halide. 


CH; 


| 
CH3C = CHCH,CH3 


CH4CH—CHCH—CH; 


CH= CHCH2CH3 


e 


СН» 


CH3CHCH = CHCH; 


Br isa better leaving group (weaker base) than CI . 


The alkene (2-methyl-2-pentene) that is formed is more stable than 
the alkene (4-methyl-2-pentene) that is formed from the other alkyl 
halide. 


The other alkyl halide cannot undergo an E2 reaction, because it does 
not have any B-hydrogens. 


Removal of a hydrogen from the more substituted 6-carbon forms 
the more stable “alkene-like” transition state. 


Removal of a hydrogen from the more substituted 6-carbon forms 
the more stable “alkene-like” transition state. 


The hydrogen is removed from the 6-carbon that will lead to a 
conjugated alkene. 


Removal of a hydrogen from the less substituted B-carbon forms 
the more stable *carbanion-like" transition state. 


The hydrogen is removed from the B-carbon that will lead to a 
conjugated alkene. 


Removal of a hydrogen from the less substituted B-carbon forms the 
more stable “carbanion-like” transition state. 
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CH; 


| 
CH;C=CCH>CH; > 
| 


CH; 


Four alkyl substituents 
are bonded to the sp? 


А 


It forms the more stable alkene (the alkene with the 
most substituents bonded to the sp? carbons), so it has 
the more stable transition state. 


It forms the more stable alkene (the double bonds are conjugated, 
so it has the more stable transition state. 


It has four hydrogens that can be removed to form an 
alkene with two substituents on the sp? carbons, so it 
has a greater probability of having an effective colli- 
sion with the nucleophile than the other alkyl halide 
that has only two such hydrogens. 


It forms the more stable alkene (the new 
double bond is conjugated with the phe- 
nyl substituent), so it has the more stable 
transition state. 


CH; 


| 
CH3CH — ССН›СН; 


СН; Вг 
3-bromo-2,3-dimethylpentane 
СН» 
H3C CH H3C 
| =“ > | =e > CH ee СН 
VA X РА ES 3 | 2 3 
(CH3)2CH Н (СНз)›СН СН» CH; 


Three alkyl substituents are 
bonded to the sp? carbons; 


carbons. the largest groups are on 
opposite sides of the 


double bond. 


Three alkyl substituents are 
bonded to the sp? carbons; 
the largest groups are on the 


same side of the double bond. 


Two alkyl substituents 
are bonded to the sp? 
carbons. 


The major product would be the one predicted by Zaitsev's rule, because the fluoride ion would dissociate 
in the first step, forming a carbocation. Loss of a proton from the carbocation would follow Zaitsev's rule, 


as it does in other ЕІ reactions. 


B because it forms the more stable carbocation. 
B because it forms the more stable alkene. 

B because it forms the more stable carbocation. 
A because it is less sterically hindered. 


ROSE 


10. 


п. 


12. 
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Е 1,2-alkyl + 1,2-methyl СН» H 

| РЇ ae’ shift % СНз shift H 

C— CH; = C— CH; _ 1 — CH3 

H V CH; 4 
а 3 3 


СН; 


Conjugated double bonds are more stable and, therefore, are easier to form than isolated double bonds. 


CH; 


| 
a. © b. ЕТЕТ c. CH,—CHCH—CCH; 


Parts a and c form allylic cations and will form the same products that are formed by E2 reactions. Because 
the alkyl halide in part b is a secondary alkyl halide. it does not undergo an E1 reaction. 


Benzyl bromide does not have a hydrogen on a -carbon that can be removed to form an elimination 
product. Allyl bromide has a hydrogen on a -carbon that, if removed, would lead to a cumulated diene. 
Because cumulated dienes are high energy species, allyl bromide does not form an elimination product. 


p-carbon É 
(Vou CH,—=CHCH,Br 
benzyl bromide allyl bromide 
CH, 
а. E2 CH,CH=CHCH; а. Е CH,C=CH, 
CH, 
b. E2 CH,CH,CH=CH, e. El CH,C—CHCH—CH, 
DN а 
с. El CH,C—CH, f Е CH,C=CHCH=CH, 
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14. 


15. 


16. 
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Solved in the text. 


Е2 _ 7.1 X 1075 x 2.5 x 10 _ 1.78 X 1077 НЕ 
Б2+Е1 71х 10-5 x 2.5 х 10-3 + 150x102 178 х 1077 + 150 х 107 152 "^ 
СН» 
| 
1. CH3CH;CH = CCH; No stereoisomers are possible. 
2. СЊСЊ H The major product is the conjugated diene with the larger group 
с=с bonded to one sp? carbon on the opposite side of the double bond 
from the larger group bonded to the other sp? carbon. 
H CH=CH, 
3. СЊСНЊ Н The major product is the conjugated alkene with the larger group 
et bonded to one sp? carbon on the opposite side of the double bond 
/ from the larger group bonded to the other sp? carbon. 


In none of the reactions is the major product dependent on whether you start with the R or 5 enantio- 
mer of the reactant. 


the larger substituent attached to one sp? 


Solved in the text. С, . 
carbon and the larger substituent attached 
P to the other sp? carbon are on opposite 
ЖОГ, sides of the double bond 
СН» СН» 
CH; СН» 
| 
CH3CH2CH=CCH3 d. 


E2 elimination reactions from six-membered rings occur only when the substituents to be eliminated are 
both in axial positions. 


In the cis isomer, when Br is in an axial position, it has an axial hydrogen on each of the adjacent car- 
bons. The one bonded to the same carbon as the ethyl group will be more apt to be the one eliminated 
with Br because the product formed is more stable and therefore more easily formed than the prod- 
uct formed when the other H is eliminated with Br. (Recall that when there is a choice, a hydrogen is 
removed from the 6-carbon bonded to the fewest hydrogens.) 


Elimination Reactions of Alkyl Halides * Competition Between Substitution and Elimination 
In the trans isomer, when Br is in an axial position, it has an axial hydrogen on only one adjacent carbon, 


and it is not the carbon that is bonded to the ethyl group. Therefore, a different product is formed. (Notice 
in this case there is no choice; there is only one hydrogen bonded by an axial bond to a B-carbon.) 


Br Br 
H H 
A CH>CH3 : H 
H H 
H 


CHCH; 


cis-1-bromo-2-ethylcyclohexane trans-1-bromo-2-ethylcyclohexane 


| | 
£7 


CH;CH; CH;CH; 
1-ethylcyclohexene 3-ethylcyclohexene 
17. In order for a six-membered ring to undergo an E2 reaction, the substituents that are to be eliminated must 


both be in axial positions. 


When bromine and an adjacent hydrogen are both in axial positions, the large tert-butyl substituent is in an 
equatorial position in the cis isomer and in an axial position in the trans isomer. The rate constant for the 
reaction is К' Keg. 


Because a large substituent is more stable in an equatorial position than in an axial position, elimination 
of the cis isomer occurs through its more stable chair conformer (Keq is large), whereas elimination of the 
trans isomer has to occur through its less stable chair conformer (Keq is small). The cis isomer, therefore, 
reacts more rapidly in an E2 reaction. 


Br Br 
(CH3)3C H Н н H » 
H H (CH3)3C H 
cis-1-bromo-4-tert-butylcyclohexane trans-1-bromo-4-fert-butylcyclohexane 
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18. a. There are two stereoisomers of trans-1-methyl-2-methylcyclohexane. 


| 
Q 
G 
об 
Ñ 


Q 


a 
on 
ЈЕ 


c 


elimination occurs through 
the less stable conformer 


a 

E: 

Q 
"ERN 

a 

B 

© 


f 


a 


b. There аге two stereoisomers of cis-I-methyl-2-methylcyclohexane. 


о 

e 
о 
а 


е! 
е 


elimination occurs through 
the more stable conformer 


а 
Bi 
Я 

О 

F 

Q 

lun 

> 
a 
b: 
8 


Ц 


е 


CH; CH, 
CHO” СТ 


only product 


CH; CH, 


= 
ао 
= 
Q 
E: 
o 
jam 


19. The rate-limiting step in an E1 reaction is carbocation formation. Because the proton is removed in a sub- 
sequent fast step, the difference in the rate of removal of an Н? versus а D* would not be reflected in the 


rate constant. Therefore, the deuterium kinetic isotope effect would be close to 1. 


20. Br is the weakest base, so it is the best leaving group, and F is the strongest base and worst leaving 
group. It is easier to break a СН bond than а C—D bond, so the more hydrogens on the B-carbons that 


are replaced by a deuterium, the slower the rate of the E2 reaction will be. 


СН» СН» СН» Ср» Ср» 


| | | | 
ын > ao > СЊС—Е > СЊС—Е > CD4C—F 
| | 


| 
CH; CH; CH; CD; CD; 
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21. 


22. 


23. 


24. 


25. 
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Because CH3S is a better nucleophile in the protic polar solvent and weaker base than СНО , the ratio 
of substitution (where Y reacts as a nucleophile) to elimination (where Y reacts as a base) will increase 
when the nucleophile is changed from СНО to СН;5 . 


In order to undergo an elimination reaction under E2 conditions, the substituents that are to be eliminated 
(H and Br) must both be in axial positions. Drawing the compound in the chair conformation shows that 


when Br is in an axial position, neither of the adjacent B-carbons has a hydrogen in an axial position, so an 
elimination reaction cannot take place. 


CH; 


Br 


The substitution product does not require a bond to be broken in the carbocation, but the elimination 
product does. 


a. СНзСН›СНоВг This compound has less steric hindrance. 
СН» 
b. e: I is a better leaving group (weaker base) than Вг . 
CH; 
с. CH3CH;?CH?CCHs The tertiary alkyl halide because a secondary alkyl halide does not 
| undergo Syl reactions. 
Br 
d. Br When this compound undergoes ап E2 reaction, it forms a conjugated 


double bond. The other compound cannot undergo an E2 reaction, be- 
cause neither two adjacent double bonds nor a triple bond can be formed 
in a six-membered ring. 


а. 1. Because primary alkyl halides do not undergo 841 /Е1 reactions, they will undergo slow 5,2 reac- 
tions under Sy1/E1 conditions. Since the base is weak (СН;ОН), the product will be primarily the 
substitution product. 

2. Because primary alkyl halides do not undergo Sy1/E1 reactions, they will undergo slow Sy2 reac- 
tions under $1 /Е1 conditions. Since the base is weak (СН;ОН), the product will be primarily the 
substitution product. 

3. Because primary alkyl halides do not undergo Sy1/E1 reactions, they will undergo slow Sy2 reac- 
tions under $1 /Е1 conditions. Since the base is weak (СН;ОН), the product will be primarily the 
substitution product. 

4. substitution and elimination 


b. 1. primarily substitution 
2. substitution and elimination (Because of the isopropyl group that slows down back-side attack and 
therefore formation of the substitution product, this primary alkyl halide will give more elimination 
product than will a primary alkyl halide such as 1-bromobutane.) 
3. substitution and elimination 
4. elimination 
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27. 


28. 


29. 


340 


Elimination Reactions of Alkyl Halides * Competition Between Substitution and Elimination 


т 
сн с 
СН» 
1-bromo-2,2-dimethylpropane 
a. The bulky tert-butyl substituent blocks the back side of the carbon bonded to the bromine to nucleo- 


philic attack, making an Sy? reaction difficult. An Sy1 reaction cannot occur because it would require 
the formation of an unstable primary carbocation. 


b. It cannot undergo ап E2 reaction, because the B-carbon is not bonded to a hydrogen. 
It cannot undergo an E1 reaction, because that would require the formation of a primary carbocation. 


Because a strong base is used in the Williamson ether synthesis, the reaction is an Sy2 reaction, so a com- 
peting E2 reaction can also occur. 


a. СН;СН,СН,Вг + CH4CH;CH;CH;O. —=  CH4CH;CH;CH;OCH;CH;CH, + CH4CH—CH; 


butyl propyl ether propene 
b. CH3;CH,CH,CH,Br + CH4CH5;CH;0 — CH3CH,CH,CH,OCH,CH,CH3 + CH4CH;CH— СН, 
butyl propyl ether 1-butene 


In order to maximize the amount of ether formed in the 572 reaction, make sure the less hindered group 
is provided by the alkyl halide. In order to convert the alcohol (pK, ~ 15) to an alkoxide ion in a reaction 
that favors products (parts a, b, and с), a strong base (H_ ) is needed. 


CH; CH; CH; 


| NaH | = СЊСЊСЊВг | 
a. CH3CH?CHOH CH3CH?CHO — — —- CH3CH2CHOCH2CH2CH3 


CH3CH>B 
b. CH4CH;CH;CHCH;0H № „ CH.CH,CH;CHCH,0- CCP, сң. ICH;CH;CHCH;0CH;CH; 


| | | 
CH; CH; CH; 


In part d, НО“ сап be used to convert phenol (pK, ~ 15) to phenoxide ion in a reaction that favors prod- 
ucts, because phenol is a considerable stronger acid than an alcohol. 


Он = Oe EU ОО 


Remember that aryl halides cannot undergo Sy2 reactions. 


CH; CH; CH; CH; 


CH,CH;OH 
H50 


| | | | 
ane Br Ure он + н +  CH,C=CH, 


СН» СН» CH; 
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32. 


33. 
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CH; но“ 


high | | 
| E P p CH; ве „СНәСН» A tertiary alkyl halide 
CH3CH2CCH2CH3 "ES с=с d с=с cannot undergo а 
| | HO \CH,CH, a “сн; substitution reaction 
vinos | — under Sy2/E2 conditions. 
13 4 | H3C CH НзС CH;CH 
| ай | 3 3 3 2A H3 
CH;CH;CCH;CH, -M . сњоњссњењ + bom d + Sec 
Br OH H CH2CH3 H СН; 


Because а cumulated diene is less stable than an alkyne, the transition state for its formation is less stable 
than that for the formation of the alkyne, so the cumulated diene is harder to make. 


In the first elimination reaction, a hydrogen will be removed from the -carbon bonded to the fewest hy- 
drogens as expected. In the second elimination reaction, a hydrogen will be removed from the 6-carbon 
that results in the formation of a conjugated double bond. 


CH, CH; CH, CH, CH, CH, 


| - | - | | 
CH,CHCHCH,CHCHCH, — . CH,C=CHCH,CHCHCH, "9° > CH,C=CHCH=CHCHCH , 


Cl Cl Cl major product = (£)-stereoisomer 
minor product = (Z)-stereoisomer 


HBr NaH 
НОСН»СН»СН»СН =СН» HOCH;CH;CH;CHCH4 Жз 
| CH; 
Br О 


The alkoxide ion in the synthesis shown above attacks the back side of a secondary alkyl halide, which pro- 
vides greater steric hindrance to back-side attack. Therefore, there will be greater competition from the E2 
reaction that forms an elimination product, reducing the yield of the desired substitution product. 


In parts a and b, a bulky base is used to encourage elimination over substitution. 


Br | | 
а. or tert-BuO- RCOOH 
= — > O 
or 
Br 
tert-BuO— Во 
њо 


Ман 
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Br 
b. tert-BuO^ Br? 
Br 
| 20H 
CH=CH, CHCH>Br ce 
с. Вто NH, 
СЊС excess 
1. R,BH/THF 
2. НО”, H203, H20 
[| 
CHCH 
Br 
| CH 
CH=CH) CHCH2Br C= 
d. Во excess NaNH, 
1. NaNH; 
2. CH3CH Br 
CCH;CH 
CH;CH;CH;CH3 coe 
2 
Pd/C 
H3C H H3C H H3C H 
35 | `c с^ | ^c c^ | ^c c^ 
: a. = с. = е. = 
Z N / \ "4 
H CH; H СН» H CHCH; 
CH, CH; 
b d. f 
СНз | 
36. f. this is the only one that undergoes an El reaction 
37. а. 1. An El reaction is not affected by the strength of the base, but a weak base favors an E1 reaction by 


disfavoring an E2 reaction. 
2. An El reaction is not affected by the concentration of the base, but a low concentration of a base 
favors an El reaction by disfavoring an E2 reaction. 


3. If the reactant is charged, an E1 reaction will be favored by the least polar solvent that will dissolve 
the reactant (generally an aprotic polar solvent). If the reactant is not charged, an El reaction will 
be favored by a protic polar solvent. 
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38. 


39. 
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b. 1. А strong base favors ап E2 reaction. 
2. A high concentration of a base favors an E2 reaction. 
3. If one of the reactants is charged, an E2 reaction will be favored by the least polar solvent that will 
dissolve the reactant (generally an aprotic polar solvent). If neither of the reactants is charged, an 
E2 reaction will be favored by a protic polar solvent. 


a. CH4CH;CH;CH; e. CH,CHCH—CH; 
stabilized by electron delocalization (resonance) 
b. CH,CHCH;CH; f. CH4CHCHCH; 
m 
c. CH,CHCH—CH; g. снзбсњсн, 


stabilized by electron delocalization (resonance) СЕ 
3 


а. ce =CH) 
CH; 


He obtained only the elimination product because under the Sy2/E2 conditions he employed, the tertiary 
alkyl halide forms an elimination product and no substitution product. 


ke сњ 
aoe + CH3CH,0- CH3C === СН» 
С1 predominant product 


Rather than a tertiary alkyl halide and a primary alkoxide ion, he should have used a primary alkyl halide 
and a tertiary alkoxide ion. They will react in an Sy2 reaction to form the desired ether. 


CH; CH; 


| 
сњоње! + GH4CÓ- 


| 
CH, CHE 


СЊСОСЊСН + СГ 
| 


Although the Williamson ether synthesis (ап 542 reaction) is the preferred way to synthesize an ether 
because it gives higher yields, the ether also could be synthesized using an Sy1 reaction. 


[m CH, 
чн + CH,CH,OH —> ен нн, + HBr 
CH, CH, 
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H3C 
^c —CH, + Вг 
и 2 

H3C 


40. а. (CH3)3CBr 


because Br is a better leaving group than СІ 


H 
H 
b. н СНз This compound is the only one that can undergo an E2 elimination reaction 
because the other compound does not have an axial hydrogen bonded to a 
СНз в; В-сатђоп. 
СН» 
СНз 
н Н This compound will not be able to undergo an E2 reaction because it does not 
have an adjacent H and Br that are both attached to axial bonds. 
H Br 
41. The very minor products that would be obtained from “anti-Zaitsev” elimination (that is, the less substi- 


tuted alkenes) are not shown. 


a. CH3CH;CH, H CH3CH5CH5 СН; 
с=с + C=C 
f \ / \ 
H СН» H H 
major minor 


b. The reactant has two B-carbons that are attached to two hydrogens, so two constitutional isomers can 
be formed. Each constitutional isomer has E and Z stereoisomers. 


CH3CH;CH5 H CH3CH5CH5 СН; ud H ud Piae 
с=с ш C=C + с=с + C=C 
/ ` / \ / \ / \ 
H СН» H H Н.С CHCH; Н.С H 
major minor major minor 


c. trans-1-Chloro-2-methylcyclohexane has two stereoisomers. 


A hydrogen cannot be removed from the 6-carbon bonded to the fewest hydrogens because that 
hydrogen is not attached to an axial bond. 


CH; CH; 
+ 
СІ 


4 СН; СН; 
+ 
СІ 
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d. rrans-1-Chloro-3-methylcyclohexane has two stereoisomers. 


CI CI CH, CH; 
+ + 
CH; CH; CH; CH; 


е. CHCH, H СНзСН› СН; 
C=C + C=C 
/ / \ 
H3C СН» H3C H 
major minor 
f. CHCH; H СН»СН» СН» 
/ 
C=C + C=C 
/ / \ 
H3C CH3 H3C H 
major minor 


a. 3-Bromocyclohexene forms 1,3-cyclohexadiene; 3-bromocyclohexane forms cyclohexene. 3-Bromo- 
cyclohexene reacts faster in an E2 reaction, because a conjugated double bond is more stable than 
an isolated double bond, so the transition state leading to formation of the conjugated double bond is 
more stable and, therefore, the conjugated double bond is easier to form. 


Br Br 
E2 E2 
base base 


b. 3-Bromocyclohexene, because it forms a relatively stable secondary allylic cation. The other compound 
is a secondary alkyl halide, so it does not undergo an Е1 reaction. 


Br Br 
El El 


— —Х— 


Alkyl chlorides and alkyl iodides could also be used. It is best to avoid alkyl fluorides because they have 
the poorest leaving groups. 


CH4O- 
а. CH;CHCH»>CH;  ———- | CH4CHCH;CHs 


| 
Вг OCH; 


b. CH,CH,CH,CHjBr ©%2  CH,CH,CH,CH,OCH; 


CH3NH; 


+ = 
с. CH;CH,CH,CH,Br CH;CH,CH,CH,NH,CH, O> CH;,CH,CH,CH,NHCH; 
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45. 


46. 
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a. ethoxide ion, because elimination is favored by the bulkier base and fert-butoxide ion is bulkier than 
ethoxide ion 


b. SCN because elimination is favored by the stronger base and ОСМ is a stronger base than SCN 
c. Br because elimination is favored by the stronger base and СТ is a stronger base than Br~ 
d. СН;5 because elimination is favored by the stronger base and CH30 is a stronger base than СН;5 _ 


The first compound has two axial hydrogens attached to 8-carbons; the second compound has one axial 
hydrogen attached to a B-carbon, but it cannot form the more substituted (more stable) alkene that can be 
formed by the first compound. The last compound cannot undergo an E2 reaction because it does not have 
an axial hydrogen attached to a B-carbon. 


CH3 CH3 CH3 
> > 
Br “Br “Br 
H CH3 CH3 
H H CH3 
СН; > > 
Вг Вг Вг 


These аге all E2 reactions, because а high concentration of a good nucleophile is employed. 


a. The stereoisomer formed in greater yield is the one in which the larger group attached to one sp? 
carbon and the larger group attached to the other sp” carbon are on opposite sides of the double bond. 


НС CH, 
/ 
с=с 
/ \ 
(CH3)3C H 


b. No stereoisomers are possible for this compound because one of the sp? carbons is bonded to two 
hydrogens. 


CH; (Hs 
CH4C— б — CH—CH, 
CH; СН; 


c. No stereoisomers are possible for this compound because one of the sp? carbons is bonded to two 
methyl groups. 


СН; СН 
№ = | 
P 

CH3 CHCH; 
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d. Because it is ап E2 reaction and there is only one hydrogen attached to the B-carbon, the stereoisomer 
formed in greater yield depends on the configuration of the reactant. The reactant can have four differ- 
ent configurations: 5,5; S,R; R,R; and R,S. To determine the product of the reaction: 


1. 


Draw the skeleton of a perspective formula, putting the groups to be eliminated on the solid lines. 
Notice that on each carbon, the solid wedge is below the hatched wedge. 


B x 
Pium: < 
H 
Add the remaining groups to the structure in a way that gives the asymmetric centers the desired 
configurations. For example, the structure below is (35,45)-3-bromo-3,4-dimethylhexane. 


Б. ,CH3 
-2a CHCH 
CHCH»; C—C сими 
CH3 H 


(3S,4S)-3-bromo-3,4-dimethylhexane 


Because the groups to be eliminated are both attached to solid lines, they are anti to one another. 


«СНз 


а CHCH 
стене © — 


CH 


Once the groups are eliminated, you can draw the structure of the alkene product. (The groups 
attached to the solid wedges are on the same side of the double bond, and the groups attached by 
hatched wedges are on the other side of the double bond.) 


CH3CH P 
RS 
CH3 CH2CH3 
(E)-3,4-dimethyl-3-hexene 


The configuration of the elimination product obtained from each of the other three stereoisomers 
can be determined in the same way. 


Br „СН›СН» CH3CH; CH;CH; 
2c— c СН = “=с^ 
СН»СН» Y XK ^ ЕЕ е 
СН; н СН; СНз 
(3S,4R)-3-bromo-3,4-dimethylhexane (Z)-3,4-dimethyl-3-hexene 
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Bi „CH2CH3 CH3CH2 S poe 
CHy JC— CAS —— с=с 
СН›СН› Н CH3 СЊСНа 
(3R,4R)-3-bromo-3,4-dimethylhexane (E)-3,4-dimethyl-3-hexene 
Br „CH3 CH3 CH; 
E A \ 
CH CH H СЊСН СН›СН; 
(3R,4S)-3-bromo-3,4-dimethylhexane (Z)-3,4-dimethyl-3-hexene 
O 
47. p WM м | 
this ether cannot be made by a Williamson ether synthesis 
О СН» 
" cic " these reagents cannot be used because the tertiary 
a alide undergoes only an elimination reaction 
| КУ halide underg ly 1 t t 
СН» 
Вг CH; 
| _ A these reagents cannot be used because the aryl halide 
= ae cannot undergo a substitution reaction 
CH, 
48. СН» CH; CH; СН; CH; СН; 
base 
CH3C — CHCH3 — CH2 = C — CHCH3 + СНзС = ССН; 
|. 2,3-dimethyl-1-butene 2,3-dimethyl-2-butene 
ii 
a. СЊСЊСО“ Because it is the most sterically hindered base, B gives the highest 
percentage of the less stable 1-alkene because it is easier for it to 
CHCH; remove the most accessible hydrogen. 
b. СН;СН,0 Because it is the least sterically hindered base, C gives the highest 


percentage of the more stable 2-alkene. 
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49. а. These аге Sy2/E2 reactions, because а good nucleophile is being used and the alkyl halide is second- 
ary. The minor elimination products are not shown. 


CH30* 
CH30H T 
Cl CH(CH3); CH(CH3); 
CH3OH a 
(CH3 CH СІ (СНз)>СН ОСН; (СНз)»СН 


Ь. Only the substitution products are optically active; the elimination product does not have ап 


asymmetric center. 
CH;O^ 
— MÀ + 
CH;0H 


СНзО CH(CH3)> CH(CH3)2 
a + Q 
+ 
A CH3OH 
(CH35CH а (CH3)2CH ОСН; (CH3)2CH 


Yes, all the products are optically active. 


d. The cis enantiomers form the substitution products more rapidly, because there is less steric hindrance 
from the adjacent substituent to back-side attack by the nucleophile. 


e. Тһе cis enantiomers form the elimination products more rapidly, because the alkenes formed from the 


cis enantiomers are more substituted and, therefore, more stable. The more stable the alkene, the lower 
the energy of the transition state leading to its formation and the more rapidly it is formed. 


50. СН,Вг CH, CH, CH; 
A 


B NU H 
CH,CH,0H CH,CH,0H 
| „СЊОСЊСНз | CH, 


ОСН»СН» 
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52. 


53. 
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In an E2 reaction, both groups to be eliminated must be in axial positions. 

When the bromine is in the axial position in the cis isomer, the tert-butyl substituent is in the more stable 
equatorial position. 

When the bromine is in the axial position in the trans isomer, the tert-butyl substituent is in the less stable 
axial position. 

Thus, elimination takes place via the most stable conformer in the cis isomer and via the less stable chair 
conformer in the trans isomer, so the cis isomer undergoes elimination more rapidly. 


Br Br 
H H 
(CH3)3C H HY zr A 
H H (CH3)3C H 
cis-1-bromo-4-tert-butylcyclohexane trans-1-bromo-4-tert-butylcyclohexane 
а. СУ ы 
+ С dm + d 
major minor major minor 


1 
И 
1 
i 


major minor major minor 
d d i d + т + ib ud + eu 
major minor major minor 


D мы мы ® „зг зы 


In reactions a-d, the 6-carbon from which the hydrogen is to be removed is bonded to only one hydrogen. 
Therefore, the configuration of the reactant determines the configuration of the E2 elimination product. 


To determine the configuration of the product, see the instructions in Problem 46. 


Cl „СНз CH; CH3 
Nc — с СНоСН: Neo 
a СНз, + N 
H H H CHCH; 
(28,35)-2-chloro-3-methylpentane (E)-3-methyl-2-pentene 
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CI CH;CH; CH; CH;CH; 
а CH3 Not 4 
b CH, С — С —- C=C 
34 b: "d N 
H H H CH3 
(2S,3R)-2-chloro-3-methylpentane (Z)-3-methyl-2-pentene 
Cl ,CHs H СН» 
i H«C C а CHCH; IB pre 
СН» H СН» CH2CH3 
(2R,3S)-2-chloro-3-methylpentane (Z)-3-methyl-2-pentene 
cl ~CH2CH3 H 4 ССН» 
d Hr С EE P mcd 
CH; H CH; CH; 
(2R,3R)-2-chloro-3-methylpentane (E)-3-methyl-2-pentene 


e. This reactant has two hydrogens bonded to the B-carbon, so both Z and Е stereoisomers are formed. 


CH3CH5 СН» CH3CH5 H 
C= ET 2 C=C 
(CH3)3C H (CH3)3C СНз 
тајог ргойисї minor product 
54. Under Е1 reaction conditions, both compounds will form the same product both will form the same tertiary 
carbocation. 
B 
H СН; 
а. i 
О — 
H 
b. TT 
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56. 
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Under E2 reaction conditions, the two compounds will from different products because in a the H and Br 
attached to the ring could be eliminated only where they are anti to one another. Because the H and Br are 
on the same side of the ring in b, a hydrogen would have to be removed from the other -carbon (that is, 
from the methyl group). 


a. E2 
CH; 
b. E2 
— О 


In order to undergo an Е2 reaction, а chlorine and a hydrogen bonded to an adjacent carbon must be trans 
to one another so they can both be in the required axial positions. Every Cl in the following compound has 
a Cl trans to it, so no Cl has a hydrogen trans to it. Thus, it is the least reactive of the isomers; it cannot 
undergo an E2 reaction. 


The silver ion increases the ease of departure of the halogen atom by sharing one of bromine’s lone pair, 
which weakens the carbon-bromine bond. 


.. +» + 
сњен=<енсн; —Вг Аг“ ____- сн,сн=СНСН, CB Ag CH3CH =СНСН + AgBr 


For a description of how to do this problem, see Problem 46. 


Br „СНз CH3CH> СН; 
N Za CHCH; CH3CH,07 `` 
а. ошен e e E EE pre 
H H H CH;CH; 
(38,45)-3-bromo-4-methylhexane (£)-3-methyl-2-pentene 
He „СНз 
“а CHCH 
+ CH;CH C — CC 2V H5 
СНзО Н 
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b. Br ,CHoCHs кыйт Н „Њен; 
нос СНз сызык у. JC =C 
CH;CH2 H CH3CH; CH; 
(3R,4R)-3-bromo-4-methylhexane (E)-3-methyl-2-pentene 
H ‚CHCH; 
“a CH 
+ CHO C—C 77? 
CH3CH5 H 
Br .CH)CH3 CH3CH) CH;CH; 
^c с aC ES CH3CH507 Nc —с 7 
с. СН»СН» “ N ^ Хх 
Н Н Н СН» 
(3S,4R)-3-bromo-4-methylhexane (Z)-3-methyl-2-pentene 
н. СН2СИз 
аСН 
+ сњсн Сс 3 
РА М 
CH3O H 
d Br. „СНз Ри H 8 СН» 
Hoyo сен OU с 
СЊСЊ н CH3CH5 CH5CH3 
(3R,4S)-3-bromo-4-methylhexane (Z)-3-methyl-2-pentene 
EN ,CHs 
а CHCH 
+ CH;0 » C—C - епз 
CHCH, H 


58. а. CH4CH;CD—CH, and CH4CH4CH—CH; 


b. The deuterium-containing compound results from elimination of HBr, whereas the non-deuterium- 
containing compound results from elimination of DBr. The deuterium-containing compound will be 
obtained in greater yield, because a C—H bond is easier to break than a C—D bond. 


59. CH, OCH; 
fusum ee 
excess 
tert-BuO^ __ Вр "NH; E 
60. a. CH3CH2CH2,CH,Br — —— —- CH3CH;CH— СН —— ие CH3CH2C = CH 
Br 
"NH, 


| HO — CH3CH2Br ae 
CH3CH2C — CH2CH2CH3 aO CH3CH2C = CCH2CH3 = | СЊСЊС=С 
4 


2 
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b. Вг „ъз „ч tert-BuO - PAS 
Br excess > an | T 
и” Alder 


reaction 


one equivalent reacts 


H 
in the Diels-Alder à iia 
reaction as a diene and ' 
the other as a dienophile a 
61. a. Both compounds form the same elimination products because they both have hydrogens bonded to the 


same f-carbons that are anti to the bromine. 
H 


cis-A-bromocyclohexanol 


H 
- = + HO 
H 


trans-4-bromocyclohexanol 


of ) + но- У 


o +в) 


b. Only the trans isomer can undergo an intramolecular substitution reaction because the 542 reaction 
requires back-side attack. 


н) = bom | _ | 
ee ee \ A 


trans-4-bromocyclohexanol 


The cis isomer can undergo only an intermolecular substitution reaction. 


Ө + HO: ———- но—{ on 
We О 


cis-4-bromocyclohexanol 


с. The elimination reaction forms а pair of enantiomers because the reaction creates an asymmetric cen- 
ter in the product. Both substitution reactions form a single stereoisomer, because the reaction does not 
create an asymmetric center in the product. 


354 


Elimination Reactions of Alkyl Halides * Competition Between Substitution and Elimination 


62. H 
H H 
СН» СН» 
СІ CH40- H 
H Sn2/E2 
Свон N СНз осн, 
There is only а substitution product. 
The reactant does not undergo elimination because when Cl is in an 
axial position, neither of the B-carbons is bonded to an axial hydrogen. 
Br. CH; н. CH 
63. a. Hsc ои o с=с 
« 
СеН5 Н 


(1S,2S)-1-bromo-1,2-diphenylpropane 


(Z)-3-methyl-2-pentene 


b. 
Bro ,CeHs Ho 
Hey С С = СН; ————- = 
« \ 
C6H5 H CH; 


(1S,2R)-1-bromo-1,2-diphenylpropane 


(E)-3-methyl-2-pentene 
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Practice Test 


Which of the following is more reactive in an E2 reaction? 


a. (У MES E or (У СЊСЊСЊВг 


Вг 


b. СЊСЊСНСНз ог CH, = а 
| 


Вг Вг 


Which of the following would give the greater amount of substitution product under conditions that favor 
512/ 22 reactions? 


CH; os 
CH;CBr © — CH4CHBr 


What products are obtained when (R)-2-bromobutane reacts with СНО“ / СНЗОН under conditions that 
favor Sy2/E2 reactions? Include the configuration of the products. 


What alkoxide ion and what alkyl bromide should be used to synthesize the following ethers? 
CH; 


| 
a. CH3;CH)COCH>CH)CH; 


с. ( )—о—‹в 


For each of the following pairs of E2 reactions, indicate the one that occurs with the greater rate constant: 


a. CH;CH>CH>Cl + HO or ee + HO 


Cl 


b. СНСНСН.С + HO or СЊСЊСНА + HO 


€. СЊСЊСЊВг + HO or  CH4CH;CHjBr + ЊО 


Elimination Reactions of Alkyl Halides * Competition Between Substitution and Elimination 


CH0 СЊО“ 
d. E о ог шо CHLOH 
Br Br 
ji 
e. CH43CHCH, + HO Or CH3CCH; + НО 
| | 
Br Br 


What is the major product obtained from the E2 reaction of each of the following compounds with hydrox- 
ide ion? 


a. с. 
а 
EP" 
Br 


Which would be more reactive in an E2 reaction, cis-1-bromo-2-methylcyclohexane or trans-1- 
bromo-2-methylcyclohexane? 


Br 
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Answers to Practice Test 


СН» 
| 
1. a. (У СН»СНСН» b. CH, = о 2. CH3CHBr 
| 
Br Br 
ОСН. 
H3C „H H3C „СНз 
3. СН»СН» СН» ys == C „С — C. 
H H CH; H H 
major minor 
CH; 


| 3 
4. a. СЊСЊСОГ + СЊСЊСЊВг Ь. Br + (од с. O + CH3Br 
| 


CH; 
СН» 
5. а. CH;CHCH; + HO- c. СН;СН,СН,Вг + НО” е. CH CORE * HO- 
а | 
b. CH4CH;CH,I + но“ d. CH;CHCH, 89. 
| CH4OH 


Br 


6. a. CN b. [ \ с. Sa d. ~~ 


7. cis-1-bromo-2-methylcyclohexane 
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Reactions of Alcohols, Ethers, Epoxides, Amines, апа Thiols 


Important Terms 


alcohol 


alkaloid 


alkyl tosylate 
antibiotic 

crown ether 
dehydration 

epoxide 

ether 

inclusion compound 
Hofmann elimination 
reaction 

lead compound 
mercapto group 
molecular modification 
molecular recognition 
quaternary ammonium ion 
sulfide (thioether) 
sulfonate ester 
sulfonium salt 
thioether (sulfide) 


thiol (mercaptan) 
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an organic compound with an OH functional group (ROH). 


a natural product with a heterocyclic ring (where the heteroatom is a nitrogen) 
found in the leaves, bark, roots, or seeds of plants. 


an ester of para-toluenesulfonic acid. 

a compound that interferes with the growth of a bacterial microorganism. 

a cyclic molecule that possesses several ether linkages around a central cavity. 
loss of water. 

an ether in which the oxygen is incorporated into a three-membered ring. 

a compound containing an oxygen bonded to two carbons (ROR). 


the complex formed when a crown ether specifically binds a metal ion or an 
organic molecule. 


elimination of a proton and a tertiary amine from a quaternary ammonium hydroxide. 


a prototype in a search for other physiologically active compounds. 

an SH group. 

changing the structure of a lead compound. 

the recognition of one molecule by another as a result of specific interactions. 
a cation containing a nitrogen bonded to four alkyl groups (В.М). 

the sulfur analog of an ether (RSR). 

the ester of a sulfonic acid (RSO;OR). 

RSS"X 

the sulfur analog of an ether (RSR). 


the sulfur analog of an alcohol (RSH). 


Reactions of Alcohols, Ethers, Epoxides, Amines, and Thiols 


Solutions to Problems 


1. They no longer have a lone pair of electrons. 
2. The relative reactivity would be: 
tertiary > primary > secondary 


If secondary alcohols underwent Sy2 reactions with hydrogen halides, they would be less reactive than 
primary alcohols, because they are more sterically hindered than primary alcohols at the carbon attached to 
the OH group. 
3. a. Solved in the text. 
+ 
b. The conjugate acid of the leaving group of CH4OH, is НзО*; its pK, is — 1.7. 
The conjugate acid of the leaving group of CH3OH is H,O; its pK, is 15.5. 


Because НзО* is a much stronger acid than ЊО, H;O* is a much weaker base than НО“ and therefore 
+ 


is the better leaving group. Therefore, CHOH; is more reactive than СНОН. 


4. a. Solved in the text. 
E. ta = a 1. HBr, A „ә Pu» 
b он о” О 
2. CH,;CH,;CO™ 
с. бон DRMA Рава a 
2.CH;CH,N(CH;), p iom 


1. HBr, A 
d. CH;CH,CH,CH,OH  ;-c—w" CH3CH,CH,CH,C=N 


5. All four alcohols undergo ап Sy1 reaction, because they are either secondary or tertiary alcohols. The arrows 
are shown for the first protonation step in part a, but are not shown in parts b, c, and d. 


В 
а. CH,CH,CHCH, + H—Br CH4CH;CHCH, CH,CH,CHCH, + H,O 
+ 


| 
*H Br. 


еше нощ 
Вг 
CH; CH; CH; CH; 
b. HCI А Cr 
OH (Он 7 Cl 
H 
т Но 
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The carbocations that are initially formed in с and d rearrange in order to form more stable carbocations. 


p i | 
НВг 
с. СНС = CHCH; - СНзС — CHCH, === сн Ae и + H,O 
| | 
CH; OH CH; OH) CH; 
H 
secondary 
carbocation 
1,2-methyl 
shift 
[a ]^ 
CH3C — CHCH; CH3C — | 
| + 
Br CH; СН» 
tertiary 
carbocation 


H А 
1,2-hydride 
HBr Ч shift РО 
= =—= + = 
OH *OH A 
:Вгі 


^ 


CH; CH; CH,  12-hydride , CH; 

CORTO = OF" = Оу 

== == Н = 
у 

ОН OH ) 

р oí. 

:С1: 

СН; 
H 
CH; | CH; oc Ha 
CHCH; CHCH; „нєн; ME 
f. HCI 
“L2hydride 7 oo 
tertiary 
+ M20 иы л 
secondary 
carbocation 
СН» 
СН»СН» 
Cl 
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7. 


8. 


Reactions of Alcohols, Ethers, Epoxides, Amines, and Thiols 


a. Solved in the text. 


OH OSOCI Cl 
Е soci, : Cr 


А ве ^ —— 
b. Ig we Зы. pyridine PSP 


1; 2- -methyl 


ld 


CI CH 
ОРСЬ 


н : cr 
D о унды 2b е d 


Solved in the text. 
Br СТ CHO 
^" OPBr; Br 


IL 


PBrj/pyridine 
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1,2-hydride 


HBr shift + 


SOCI,/pyridine 
НИЕ 9 


сг X CH,O- 
Ке CI 


TsCl/pyridine 


“он OCH, 
10. а. CH;CHCH;OH OPES, CH,CH;CH;SCH;CH; 
2. CHSCHoS- 
b. сњењсњон 0/9791". СНАСНСНОСЊСНСН 
2. СЊСНСН;О- | 
| 
CH, СН» 
п. D because it forms a very stable tertiary allylic cation intermediate. 
CH; CH; CH; 
Н,804 | | 
12. а. паш ноа CH;CH,C—CHCH; == CH4CH;C— CHCH; 
| | у 
ОН СН» ton CH; | CH, + HO 
HIC. CH; 
HOt + „с=с 
СНС CH; 


UT FO” — о 
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CH; CH; CH; 


| H5SO, 
с. CH;CH,CH—CCH; === CH;,CH,CH—CCH; 


| | 
OH CH; fon CH; CH; 


| 
CH;CH,CH—CCH; + H20 
+ 


1,2-methyl shift 


Н.С СН» CH 
А E 
H3O* + с=с ——  (¢H.CH,CH—CCH; 
+ 
CH;CH; CH; un 
Њ504 
d. СН›СН›СН›СН›СН;ОН == CH;CH;CH;CH;CH,ÓH —— 5. Ссњсњењен=сњ 
Я H30* 
CH3CH5 CH; CH3CH5 H 
/ N aa 
H ot + C=C x C=C те == CH;CH;CH;CHCH; 
3 x / ES 
H H H CH3 + НО 


major product 


H5SO 


" 
e. CH,—CHCH;,CH;OH == CH)=CHCH,CH,OH 
H 


CH,—CHCH — CH, 


f. Ind and f, the reactant is a primary alcohol. Therefore, elimination of water takes place via an E2 
reaction. Because the dehydration reaction is being carried out in an acidic solution, the alkene that is 
formed initially is protonated to form a carbocation. The proton that is then lost from the carbocation is 
the one that results in formation of the most stable alkene. 


> 


280, _ 


СНОН "cu, Du 
+ "Eu 


НО" + 
CH; 


13. a. In order to synthesize an unsymmetrical ether (ROR’) by this method, two different alcohols (ROH 
and R'OH) would have to be heated with sulfuric acid. Therefore, three different ethers would be ob- 
tained as products. Consequently, the desired ether would account for considerably less than half of the 


total amount of ether that is synthesized. 


Н,504 

ROH + КОН А ROR + КОК + R'OR' 
target 
molecule 


365 


Reactions of Alcohols, Ethers, Epoxides, Amines, and Thiols 
b. It could be synthesized by a Williamson ether synthesis. 


NaH _ CH4CHjBr 
CH,CH,CH,OH — —- CH,CH,CH,O 


CH; А CH; CH; + CH; 
14. m C fe H—OS03H Фе CBee EM Dy ЊО: 
a = n >. 
бн Сон HILO ca 


CH3CH,CH,0CH,CH3 + Br 


CH3 
ЊО" + 
СН» 
b. Because a primary carbocation cannot be formed, the dehydration is ап E2 reaction. The alkene that 


results is protonated, and the proton that is removed is the one that results in formation of the most 
stable alkene. 


" 
HOH но: 
н.о: i H 
А а? j 
(CHE ОЗО H ) К 
= у ae <-> сн. = + НЗО 
СНОН CH; “OH CH; + CH CH; 
H + НО 
СН; 
A 
15. a. CH; ~ H—OSO3H CH; CH3 е СН; 
ee Se +H LUN ^ ) 2 
OH AE + ЊО + 
CH3 CH3 CH3 | 
Be 99 Uu 
CH; СН; 
K H 
b. :ОН (9n "M 
+ H20: 
CHCH;CH; ÁN CHCH;CH; CHCH2CH3 а | 
H—OSO3H [ С) 
v —— s Ó' = == ==: CH2CH3 


СНоСНз 
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16. 


17. 


18. 


19. 


20. 


Reactions of Alcohols, Ethers, Epoxides, Amines, and Thiols 


OH 


CH3CH2C = CCHCH3 


| 
CH; CH;CH; 


С. 
СН3СН›СНСН»ОН 


О 
| 


CH3CH2CCH»CH3 


О 
| 


CH;CH;CH;CH;CH 


я 


= 


Both alcohols form the same carbocation, so they both form the same alkene. 


H 
+OH 


—H* 
= 


c. CH3CH;CHCH;CH; 


OH | 
OH 


A tertiary alcohol is not 
oxidized to a carbonyl compound. 


О 
|| 


| 
CH;CCH;CCH;CH; 


Cr 


+ 


H* on 
=н 
27 
СНОН 
а. 
e . = 
| 


О 
| 


f. HCCH;CH;CH 
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21. Solved in the text. 

22. We saw that НСІ does not cleave ethers because СІ is not a good enough nucleophile. 
Е 1$ an even poorer nucleophile, so HF cannot cleave ethers. Therefore, ethers can be cleaved only with 
HBr or HI. 


23. a. Solved in the text. 
b. Cleavage occurs by ап 542 pathway because a primary carbocation is too unstable to be formed. 


HOCH;CH;CH;CH;CH,I 


c. Cleavage occurs by an Syl pathway because the benzyl cation that is formed is relatively stable; 
I reacts with the benzyl cation. 


О-О — О-О 
н 


1 


d. Cleavage occurs by an Syl pathway because the benzyl cation that is formed is relatively stable; 


I reacts with the benzyl cation. 
t I 
СНзСН›СН›ОН + CH2 ІСН, 


е. Cleavage occurs by ап 542 pathway because a primary carbocation ог a vinylic cation is too unstable 
to be formed. 


ў 
CH3CH;CH5 DT | CH2 


H 


“Сү "d 
о-н; T: OH u О 
ы tautomerization 


enol ketone 
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f. Cleavage occurs Бу an Syl pathway, because the tertiary carbocation that is formed is relatively stable; 


I will react with the tertiary carbocation. 


CH3 
CH; | " 
HOCH;CH;CH;CCH; | 
+00 CH; 
| 3 
H 
Ted он D ОСН» 
| 
24. а. чєн b. CH;0CH,CCH; с. CH3;CH— ССН; 
| | 
CH3 CH3 CH; 
25. 


ring does not have the strain that makes the epoxide reactive. 


pi 
HOCH;CH;CH;CCH; 

| 

I 


OCH; OH 


d. CH,CH — CCH; 


| 
CH; 


The reactivity of tetrahydrofuran is more similar to that of a noncyclic ether, because the five-membered 


26. a. 
q H.SO тв 1,2-methyl Cs о Cs 
22904 + р д 
CH,CCH=CH, cHCCH cH, Ph снуусн—Сн; | CH, —CHCH, + H 
CH; CH, CH; OH CH; 
сн, сн, à сн, CH, 
/ \ - 
b. CH,CCH= CH, BERE. CHE о о. = сва — CHCH, SEL. (ie СНОН, 
CH, CH; CH, О" CH,OH 
б о“ осн; 
27. а. CH,O OCH, | Qr 
+ 
m OH NHCH; 


CH; 


| 
CH3C— CHCH;CH; 


| | 
OH OH 


28. a. 
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29. 


30. 
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Diol formation is a syn addition reaction. Syn addition to the trans isomer forms the threo pair of 
enantiomers. 


СН» СН» 

Hie Pi ч єн; H OHS HO HR 

н"; е к BONO Сен 95 

Ho ; CH; HO. „ OH HO HS H OH R 
CH; CH; 


Syn addition to the cis isomer forms the erythro pair of enantiomers. In this case, the product is a meso 
compound because each asymmetric center is bonded to the same four substituents, so only one stereo- 
isomer is formed. 


CH; 
НС ОН 
AE # H ОН 5 
H Р Чай ог 
но” CH, H OH R 
CH; 


Syn addition to the cis isomer forms the erythro pair of enantiomers. 


CH; CH; 
H3C „ОН HO, CH; i OH $ HO—-—HR 
puc CH * BSC Cn or 
R — ЧЕЧНИ 
HO CH>CH; CH3CH; OH H OH Hi На 
S R S R CHCH; CH2CH3 


Syn addition to the trans isomer forms the threo pair of enantiomers. 


CH: CH; 
H 
HIE "i Па Е H OHS HO HR 
во р BOSC Cony 
H H H H 
HO CHCH; = сњсн; ОН О A OHER 
R CHCH; CHCH; 


Reaction with a peroxyacid forms a product with two new asymmetric centers. Because it is a syn 
addition reaction, the trans alkene will form the two trans products. 


Hydroxide ion can attack either of the two asymmetric centers in the epoxide. 
The asymmetric center that is attacked (undergoes ап 532 reaction) will have its configuration inverted. 
The configuration of the other asymmetric center will not change. 


Therefore, when hydroxide ion attacks the asymmetric center on the left of epoxide A, the S,R 
stereoisomer will be formed: when it attacks the asymmetric center on the right of epoxide A, the R,S 
stereoisomer will be formed. The S, R and R,S stereoisomers are identical; it is а meso compound. 
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Attack of hydroxide ion on epoxide B will form the same meso compound 


H CH | 
И. 3 RCOOH Ps Po 
mE une Cu, cC C us 
H CH, + CH} H 
CH; H cuf 4 EN Te 5н, 
А В 
НО 
H CH, A OH 
HOŞ ROH — CHy7g СН; 
CH; H 
СН; CH; 
H OH S _ HO HR 
H OH R HO HS 
CH; CH; 


a meso compound 


Reaction of the cis alkene with a peroxyacid will form only one peroxide (a meso compound). The 
meso compound has the R,S configuration, so when it reacts with hydroxide ion, the 5,5 and R,R prod- 
ucts will be formed. 


| 
H H 
p RCOOH PET 
Ник SN 
CH; СН; CH; CH; 
HO 
EN H H OH 
e —с— „C—C 
НОЗИ ү ОН Сни RN CH 
СН» CH, O H 


Reaction of the cis alkene with a peroxyacid will form the two cis isomers. Hydroxide ion will prefer- 
entially attack the least sterically hindered carbon of each epoxide. Thus, the 5,5 and R,R products will 
be formed. 


H H || О О 
E RCOOH Fax FN 
ams AE NI LT at IN 
CH; CH,CH; CH; CHCH; CH;CH; CH; 
HO HOT 
H ,H H OH 


не Е + ie = 
HO"5$ SN ОН СЕН AR RN 
3 
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d. Reaction of the trans alkene with a peroxyacid will form the two trans isomers. Hydroxide ion will 
preferentially attack the least sterically hindered carbon of each epoxide. Thus, the S,R and R,S prod- 
ucts will be formed. 


О 
H CHCH; || n 

с=с | Е v Се тан CH; + &— 2 "H 

P H/R в Е P SNow 
CH, H 3 H 3 

но“ но“ 
Н „Сњсн; H a 
== + 
HO"7$ EN vB ногу RY ^ 
CH; CH,CH, 
31. The carbocation leading to 1-naphthol can be stabilized by electron delocalization without destroying the 


aromaticity of the intact benzene ring. The carbocation leading to 2-naphthol can be stabilized by electron 
delocalization only by destroying the aromaticity of the intact benzene ring. Therefore, the carbocation 
leading to 1-naphthol is more stable. 


OH OH 
О 
SP) 
+ 


carbocation that leads to 1-naphthol 


О + 
OH OH 
20 — СЕ 


carbocation that leads to 2-naphthol 


32. 
“OH OH 
C D 
NIH D 
shift a + нв 
Lip 
СН» CH; CH; CH; 
b. without an NIH shift 
Bin 
D О D O р ОН 
н nh =, » + Det 
CH3 CH3 СН; 
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33. The products obtained from the two reactions would not differ. The epoxide opens in the direction that 
gives the most stable carbocation. The carbocation undergoes an NIH shift, and, as a result of the NIH 
shift, both reactants form the same ketone intermediate. Because they form the same intermediate, they 
form the same products. The deuterium-containing product is the major product, because in the last step of 
the reaction it is easier to break a carbon-hydrogen bond than a carbon-deuterium bond. 


но н он 


ОН ОН 
р H 

в + (ТУ + CO + 
major product minor product 


34. a. Solved in the text. 


b. The compound without the double bond in the second ring is more apt to be carcinogenic. It opens to 
form a less stable carbocation than the other compound, because it can be stabilized by electron delocal- 
ization only if the aromaticity of the benzene ring is destroyed. Because the carbocation is less stable, it 
is formed more slowly, giving the carcinogenic pathway a better chance to compete with ring-opening. 


od — се 


less stable carbocation 


more stable carbocation 


35. Each arene oxide will open in the direction that forms the most stable carbocation. Thus, the methoxy- 
substituted arene oxide opens so the positive charge can be stabilized by electron donation from the methoxy 
group. 

OH 
О + 
OH 
H30 E 
:OCH; :ОСН; :ОСН; 
more stable less stable 
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The nitro-substituted arene oxide opens in the direction that forms the most stable carbocation intermedi- 
ate, the one where the positive charge is farther away from the electron-withdrawing МО» group. 


OH 
O + 
. OH 
н.о | | + 
+ + + 
-07 So 07 Хо o^ to 
more stable less stable 
36. a. Note that a bond shared by two rings cannot be epoxidized. 
О 
CH YO) 
I П m О 


b. The epoxide ring in phenanthrene oxides П and Ш can open in two different directions to give two 
different carbocations and, therefore, two different phenols. 


OH 


Oe 
Жаза OX) 
OH HO 
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c. The two different carbocations formed by phenanthrene oxides II and III differ in stability. One 
carbocation is more stable than the other because it can be stabilized by electron delocalization 
without disrupting the aromaticity of the adjacent ring. The more stable carbocation leads to the 


major product. 
OH 
__/ On 
a зв а PL 
OH O 


major product minor product 
+ + 
HO OH 
| 
НО OH 
major product minor product 


d. Phenanthrene oxide I is the most carcinogenic, because it is the only one that opens to form a carboca- 
tion that cannot be stabilized without disrupting the aromaticity of the other ring(s). 


37. The drugs are metabolized as a result of reacting with water. Nucleophilic water adds to the electrophilic 
carbon of the carbonyl group. The greater the contribution from the resonance contributor on the right (the 
one with separated charges), the less electrophilic is the carbonyl carbon, so the less reactive is the car- 
bonyl group. 


Xylocaine’s resonance contributor with separated charges is more stable than Novocaine’s because it has a 
positive charge on nitrogen, which is less electronegative than oxygen. Therefore, Xylocaine is less reac- 
tive and consequently has a longer half-life. 


у: | у | 
С Сы + С Cy + 
Уо 2 “о УМН: и SNH 
Be Novocaine У Xylocaine 
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38. The strong base will immediately remove a proton from the protonated amine, and then there would be no 
base to carry out the elimination reaction. 


39. The major products result from removing a proton from the B-carbon that is bonded to the most hydrogens. 


CH; 


| 
CH,CHCH,N +  CH),=CHCH, 


| 
CH, "CH; 


40. The minor products result from removing a proton from the 6-carbon that is bonded to the fewest 
hydrogens. 
CH; 
CH;C=CH, + NCH,CH,CH; 
ae CH; 


41. The only difference is the leaving group. 


CH; CH CH; 
+ 
CH, CHA-NCH; CH; 4- CH^4-Br 
Ee U | me. \4 
HO: HO 
42. In each case, a proton is removed from the 6-carbon that is bonded to the most hydrogens. 
|" Ne js 
a. СН, = CHCHCH5CH5NCH5 с. Ме а ак н 
СН» 


CH; 


s N(CH3)5 
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43. a. Solved in the text. 


b. CH,CH,cH.cHcH, CN 


Br 


CH3I 
с. excess 
N KCO; N = 


H go 


(CHN + / \ a 


N 
PS 
CH; | "CH, 
CH; 
44. a „ 28H но Pu "мы? 
+ H,O 


CH4CH;CH;CHCH; 


x Br 
CH; 


Ag ,O 
————— а 


но CH4CH;CH;CHCH; 


CH; 


|a 


(CH3)3N + CH3CH,CH,CH= СН, 


Ag,O | А | \ 
H,O + = \ 
7 НО М 
/ \ /N 
CH, CH; CH, CH; 
сва 


аса CH, но“ 


b. The synthesis must be done with fert-butylthiol and a methyl halide. It cannot be done with те апе о! 
and tert-butyl bromide because a tertiary alkyl halide cannot undergo an Sy? reaction, so it would form 
an elimination product rather than a substitution product. 


x, 


+ ЊО 


CH,Br 
————— 


X РА + Br 
S 


c. The highest yield of the target molecule is obtained by having the less substituted of the two R groups 
of the thioether be the alkyl halide and the more substituted be the thiol. 


CH; CH; CH; 
| HO- | CH;CH5Br | 
CH,—CHCHSH CH,—CHCHs- ———3— 27.  CH,—CHCHSCH;CH, 
+ H20 


Вг 
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45. 


46. 


47. 


48. 


49. 
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d. The synthesis must be done with these reagents because the sp? carbon of the benzene ring cannot un- 


dergo back-side attack. 
+ но L 


The first compound is too insoluble. 


The second compound is used clinically; it has fewer carbons than the first compound, so it is more soluble 
in water. 


The third compound is less reactive than the second compound, because the lone pair on the nitrogen can 
be delocalized into the benzene ring, so the lone pair is less apt to displace a chloride ion and form the 
three-membered ring that is needed for the compound to be an alkylating agent. 


жаа 


Melphalan is a good alkylating reagent because the sulfonate group is an excellent leaving group because 
the electrons left behind when the group leaves can be delocalized onto two oxygens. In addition, melphalan 
has two sulfonate groups, so it can react with two nucleophiles. 


Cyclophosphamide, carmustine, and chloroambucil are less reactive than mechlorethamine because, unlike 
the lone-pair electrons on the nitrogen of mechlorethamine, the lone-pair electrons on the nitrogen of 
the other three compounds can be delocalized, and, therefore, these compounds are less apt to form the 
three-membered ring that is needed for the compound to be an alkylating agent. 


O 
a. bd dU de d. СН;СН = CHCH3 о. CH3CHCH;CH;CI 
T 
СН» 
b. CH;CH,CH,CH>Br е. dico б: 
сњо он 
CH; 
с. сисисњсњо–4 Y CH CHACH—CCH, 
CH; oH оон, 
CH,CH,OH 
a. The other alcohol cannot undergo dehydration to form an alkene, be- 


cause its B-carbon is not bonded to a hydrogen. 
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OH 
b. or The rate-limiting step in a dehydration is carbocation formation. A sec- 


ondary allylic cation is more stable than a secondary carbocation and 
therefore is formed more rapidly. 


CH, 
с. _ је A tertiary carbocation is more stable than a secondary carbocation. 
OH 
d. Сүз A secondary benzylic cation is more stable than a secondary carbocation. 
OH 
е. сүс A secondary benzylic cation is more stable than a primary carbocation. 
Br „Он 
B ud T 
50. E + LEN O + ЊО 
> i 
OH “в: 
А В С 
но“ 
OH JOH 
+ 
“OH Хон 
р Е 
51. Only опе 572 reaction takes place in a and b, so the product has the inverted configuration compared to the 
configuration of the reactant. 
D D OH 
| | 
Cu, idine 7 HO- uU 
САН EO Ue HOCH МЕ CH;CH;~ N.H 
а. СНЗСН \ + В | 3CH5 Voso;R E сн wp 
О inversion 
(R)-1-deuterio-1-propanol (S)-1-deuterio-1-propanol 
or 
CH;CH; | | CHCH; но. CH;CH; 
T 
Ho——p 4, в—5—с1 JL. RSO D SQ р— он 
| | | inversion 
H О о H н 
(R)-1-deuterio-1-propanol (S)-1-deuterio-1-propanol 
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D D OCH, 
| 1 с : 
С... pyridine АН СНз0- PAS 
b CHCH;/ {Н + в—5—а = СЊЕН — > . CHCH 
3CH7 Non | зСН2 NVoso;R 50 2 № 
inversion 
(R)-1-deuterio-1-propanol (S)-1-deuterio- 1-methoxypropane 
or 
СЊСНз О O CHCH, CHCH; 
|| pyridine || CH4O- | 
НО р + R—S—CI > RSO | D TUER D | ОСН» 
H Ц | Н inversion H 


(R)-1-deuterio-1-propanol (S)-1-deuterio-1-methoxypropane 


Since the desired product has the same configuration as the starting material, it can be synthesized us- 
ing reactions that do not break any of the bonds to the asymmetric center 


D 
сна | 
we “Нн NH 
CHCH; он CHCH; Мр CHCH; осн, 
(R)-1-deuterio-1-propanol (R)-1-deuterio-1-methoxypropane 


It could also be synthesized using two consecutive Sy2 reactions. Since each one involves inversion of 
configuration, the final product will have the same configuration as the starting material. For example 


treating the starting material with PBr3 forms (S)-1-bromo-1-deuteriopropane. Treating (S)-1-bromo- 
1-deuteriopropane with methoxide ion forms (R)-1-deuterio-1-methoxypropane 


D D D 
: PBr3 | CH307 | 
$a. oes sa PET 
CHCH у | поо H / CH)CH3 о аА CH3CH? N H 
r ОСН; 
(R)-1-deuterio-1 ME 


(S)-1-bromo-1-deuteriopropane (R)-1-deuterio-1-methoxypropane 


O OH о OH 
52. __NaOcl _ 1. OsO, 
“CH,COOH LHB/A 7 2. НО, H,O 


2. tert-BuO | 


OH 
"e 


s HBr/A ВиО МСРВА 
OTs tert: an " 
Br 1. CL/H;O 
2. HO 
N А 
СН;07 


OCH; | OH „ОН 
НО | 


“ОН ОН 
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53. 2-hexene and 3-hexene 


›5О4 


н 
CH,CH;CH,CH,CH;CH,OH —= 


CH5CH5CH5CH5CH = Сн» 


NE 


Ht + CH3CH;CH5CH — CHCH; = CH35CH5CH5CH5CHCH4; 
+ 
VA 2-hexene 
CH35CH5CH5CHCH;CH; CH4CHCH— CHCH;CH, + CH4CH;CH;CH—CHCH; + H* 
+ 
3-һехепе 2-һехепе 
(cis and trans) (cis and trans) 
СН; HOCH; CH, 
| OCH; : | 
54. а. СЊСВг + СЊСЊОН e. i. кш! + CH,=CH, 
| 
СН; СН; СН; 
CHOCH, 


b. CH,CHCH;OH + CHAI f. OH i 
| 
CH; Br 


| 
CH,COH 
d. h. 


55. 2,3-Dimethyl-2-butanol will dehydrate faster because it is a tertiary alcohol, whereas 3,3-dimethyl-2-butanol 
is a secondary alcohol. 


CH3 CH; 
CH3;CH— ССН; СНзСН — ССН; 
M ой бн СН; 
2,3-dimethyl-2-butanol 3,3-dimethyl-2-butanol 
a tertiary alcohol a secondary alcohol 
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56. О 
СН»СН» 
2-ethyloxirane 
a. ee неон с. CH;CH,CHCH,OH 
| 
OH OH 
0.1 M HCl is a dilute solution 
of НСІ in water. 
b. о MAE d. CH4CH;CHCH;OCH; 
| 
OCH3 OH 
57. a. If an NIH shift occurs, both carbocations will form the same intermediate ketone. Because it is about four 


times easier to break a C—H bond (k3) compared with а C—D bond (k4), about 80% of the deuterium 


will be retained. 
H HO D 
S FC 


H H A D 


OH 


b. Ifan NIH shift does not occur, 50% of the deuterium will be retained, because the epoxide can open 
equally easily in either direction (Kk, is equal to k;) and subsequent loss of H* or D” is fast. 


н. D HA D н НО p 
kı ky 
обе l4 кл к, 
Но 5 H OH 


z To 
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58. СҮ OH Н,80, or CY 
"ES + 


unknown major minor 
alcohol product product 
nao) | CH;COOH 1. КВННЕ 
0°С " 2.H505, НО, О 


| 
H cy 


original unknown 


alcohol 
59, а. 1. К,ВН/ТНЕ 
CH3CH2CH = СН; ~ | CH3CH2CH2CH20O0H 
2. H,O, HOZ, H,O 
H»SO4 
О А 
| à 
1. Оз, -78 °С 
l CHCH = CHCH; + ЊО 
> 2. (CH355S 
2 CH; Н (СНз)> 
О 
| 
1. К,ВН/ТНЕ NaOCl PS 
b. CH4CH;CH-— CH; ~  CH;CH;CH;CH;OH  — — ——- CH3CH2CH2 H 
2. НО», HO-, H,O CH,COOH 
0?C 
Br OH 
| СУ - @ Е @ 
+ 
substitution product elimination product 
CH,COOH 1. Оз, -78 °C 
NaOC! | gee E (CHjS 
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61. 


62. 


63. 
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When (S)-2-butanol loses water, the asymmetric center in the reactant becomes a planar sp? carbon. There- 
fore, the chirality is lost. When water attacks the carbocation, it can attack from either side of the planar 
carbocation, forming (S)-2-butanol and (R)-2-butanol with equal ease. 


H 
он +ОН 
| E CH;CH, H 
“МН H2504 „Сөң и 
ae С == 
сњо сн, = сњо и, mot X CHCH=CHCH; 
(S)-2-butanol CH; + H30 
H H 
9н |“ 799 Ке 
H* + С... + С = Ch, + „С 
“үн нуз ИН HJN 
CH4CH5 Meu, mo CH2CH3 CHCH, \ен, mel CH2CH3 
(S)-2-butanol (R)-2-butanol 
CH; CH; СН; 
е cH OH han 
O fA T CH3 
НГ OSOH 
A JH 
+ 
+ 
H20 | 
њо СЕ 
Ре 
H,0: 
CH; CH; CH; 
байи |) cH OH кн 
"ri | [| CA СН» 
Ч ВЕ 
А JH 


:Вт: 


Diethyl ether is the ether that would be obtained in greatest yield, because it is a symmetrical ether. Since 
it is symmetrical, only one alcohol is used in its synthesis. Therefore, it is the only ether that would be 
formed. In contrast, the synthesis of an unsymmetrical ether requires two different alcohols. Therefore, the 
unsymmetrical ether is one of three different ethers that would be formed. 


64. 


65. 
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OH 
a. H5S0, Н, 
— ———- 
^ Pd/C 


О 
Ке) | 
b. CH,CH;CH;CH,Br CH;CH,CH,CH,OH CH,CH,CH,COH 
N-Methylpiperidine forms 1,4-pentadiene. 
CH; 
1. СНА ^ u | 
2. АБО НО | CH;— CHCH4CH;CH;NCH; 
т pu p Her 1. СНз 
3 СН; 2. Ag;0, H,O 
CH; а 2 
CH, = CHCH;CH— CH; 
2-Methylpiperidine forms 1,5-hexadiene. 
CH; 


СН, = CHCH5CH5CH5CH;NCH;5 


1. CH4I 
excess 
КСО; И 
М 
Н 


CH; 2. Ag;0, ЊО N СН» 1. СНУ 
anc “ен, 2. Ag,O, H,O 
3 НО“ 3.^ 


B-carbon bonded 
to the greatest number 
of hydrogens 


CH;—CHCH;CH;CH—CH; 


3-Methylpiperidine forms 2-methyl-1,4-pentadiene. 


CH; 1. CHI CH; 
excess 
КСО; 
М 2. Ag,O, H,O ка 


CH, CH; 


CH; == CHCH;CHCHNCH; 


N HO- 1. СНУ 
Н М 3 
СНз CH; | oe но 
CH; 


CH, = CHCH C= CH) 
4-Methylpiperidine forms 3-methyl-1,4-pentadiene. 


CH; CH; 
1. СН 
excess |н ire 
K;CO А 
Е — - CH;,—CHCHCH;CH;NCH; 
2. Ag20, НО А Е 
N N = .CHyI 
H SN He 2. Ag20, H,O 
CH; CH; З.А 
СН; 


CH,==CHCHCH= CH, 
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66. 3-Methyl-2-butanol is a secondary alcohol and, therefore, will undergo an Sy1 reaction. The carbocation 
intermediate that is formed rearranges to a more stable tertiary carbocation. 


| |" |“ СН; 
НВг + | 
CH;CHCHCH; = сыно ——— CH;CH;CCH; ——= CH;CH;CCH; 
| | 
ОН H Br 


3-methyl-2-butanol 


2-Methyl-1-propanol is a primary alcohol and, therefore, will undergo an Sy2 reaction. Because carbo- 
cations are not formed in 542 reactions, a carbocation rearrangement cannot occur. 


CH; CH; 


| нв | 
CH;CHCH;OH —;—- CH;CHCH;Br 


2-methyl-1-propanol 
:Ог 
О 
JN T ( | 7 
67. a. CH;CHCH—CH, + CH30° CH3CHCH —CH20CH3 CHa3CH—CHCH?OCH; + СГ 
| | 
Ne _ са 


OH OH 


(сон 
н 


н3О* ———— Eno 
3 + " 
О 02 „^ 


1. R,BH/THF PBr3 


68. сњенон Е CH,CH—CH, ZU c" CH,CH;CH;OH сш; СНЗСНЈСНВт 
= CH4CHOH CH4CHO- 
is Gi 
CH4CHOCH;CH;CH; 
ж 
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CH; CH; CH; CH; CH3 CH3 
+ 
69. НС OH НС Е СН; СН» 
H2SO4 J + СНз 
А СН» 
СНз CH; CH СН» 
HC і Са 
3 CH, 
СН» 
СН» 
+ Ht + Ht + Ht 
70. Cyclopropane does not react with НО’, because cyclopropane does not contain a leaving group; а carb- 


anion is far too basic to serve as a leaving group. Ethylene oxide reacts with НО’, because ethylene oxide 
contains an КО leaving group. 


71. The alcohol must lose a proton before it attacks the sulfonium ion, otherwise there would be two positive 
charges on the intermediate. 


R R R 
| | СН» Е" | К poe 


Во: + S—CI ——- Е—С--О--$ 
nA lu 
Cae L [3 “ен; 


ү а 


(CH3CH2)3N 

R CH; 
С=О + $ 

Е CH; 


rion 
> 


н 
HOTS Те 7 


SW 2 ш - 


NO 
72. a. HO Е 
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НО + Во УУ Br 


73. The product of each reaction is an alkene. 
#8504 + 
CH3CH,CHCH3 = CH3CH,CHCH; CH3CH;CHCH3 CHCH —CHCH; + НзО 
| + 
ОН +OH + H,O 
H 


НО“ E 
CH;CH,CHCH,;  ——-  CH4CH—CHCH, + H20 + Br 
| 


Вг 


Recall that alkenes undergo electrophilic addition reactions, and the first step in an electrophilic addition 
reaction is addition of an electrophile to the alkene. The acid-catalyzed dehydration reaction is reversible, 
because the electrophile (Н*) needed to react with the alkene in the first step of the reverse reaction is 
available. 


The base-promoted elimination reaction of a hydrogen halide is not reversible, because an electrophile is 
not available to react with the alkene in the first step of the reverse reaction. 


O :0: 
РЕЧ i | 
74. HC S CH : СЊСЊОН (o 
> NS "S 


HC zx СН» 


HOCH;CH;OCH;CH; 


\ 
NES — CH, 


ЊО 
: HOCH;CH;OCH;CH;OCH;CH50- 


НОСЊСЊОСЊСЊОСЊСЊОН 


+ HO 
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75. а. О iO 
® | ы N Эх. CHOCH; 
м. CH4OCH;CHCH;CH;CH, — Br 4 3 Рета 


C CH;CH;CH?Br 
CHO: 

» 2) D A OCH; 
ZX ынаа CY TE 


_ ОСН; О 


) СН»СН»СН»Вг 
CH;Ó H 


c. The six-membered ring is formed by attack on the more sterically hindered carbon of the epoxide. 
Attack on the less sterically hindered carbon is preferred. 


76. 


77. Ethyl alcohol is not obtained as a product, because it reacts with the excess HI and forms ethyl iodide. 


HI HI 


СН» СН»ОСН»СН» СН» СН E СЊСЊОН 


CH35CH;I + H50 


78. :В is any base in the solution (HSO;, НО, КОН). 
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79. a. The primary amine is 2-methyl-3-pentanamine. 
CH; T UH two B-hydrogens (СҢ, one B-hydrogen 
CH;CH,CHCHCH; or CH;CH;CHCHCH; “о” CH;CH;CHCHCH; 
МН; | CH4NCH; p CH;NCH; НО" 
2-methyl-3-pentanamine сн m 
|^ 
CH; 


| 
4-methyl-2-pentene | 


CH3 
b. The primary amine is 3-methyl-2-butanime. 
CH3 CHI СН» CH3 CH3 
| excess | Ag20 | A | 
er eHe cor | CACHE. cuo» CHCHCHCHS — —»-  CH;—CHCHCH; 
2 3 + 2 + 
NH; CH3NCH3 CH3NCH3 
| +  CH3NCH; 
СНз Г СНз НО" | 
СН» 
c. The secondary amine is 3-methylpyrrolidine. 
СН» СНз CH3 
CH; CH; 
СНУ | | 
excess Ag;0 ^ 
e LUE CH5— CHCHCHNCH; 
K5CO; + H,O $ 
N мг N HO 
H a / \ m 
3-methylpyrrolidine CH, СН; CH, CH; 
СН» CH; СН; CH; СН; 
A lé Ag;0 | + 
CH= СНС==СЊ == CH= SENSE о  CH2—CHCHCH;NCH; 
* 2 
2-methyl-1,3-butadiene CH, HO- CH, Г 
Н.С СН; СН» 
| | СНз | СНз 
СНз —C—C—N CH;—C—C—N. 
[| CH; | | CH3 
CHO CH; CH; CH3 
A B 
80. A is the substitution product that forms when methoxide ion attacks a carbon of the three-membered ring 


and eliminates the amino group, thereby opening the ring. It does not discolor Br, because it does not have 
a double bond to which Вг» can add. 
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B is the product of a Hofmann elimination reaction: methoxide ion removes a proton from a methyl group 
bonded to a ring carbon and eliminates the amino group. The red color disappears when Br; is added to B, 
because Br, adds to the double bond. 
NN: | | 
Brod C=C ^ E—C— 
теа / \ | | 
Br Br 
colorless 


When the aziridinium ion reacts with methanol, only A, the substitution product, is formed. 


81. a. Н,504 

Е 

ОН +OH F 

H 
НО 
1,2-methyl 
" б, shift 
20: 
Н 
НО“ + —— ——- 


H 
b. Ө Н,504 ço < 
24 2 2 2 


ОН OH 
+ H,O + H,O 
А + Но" 
НО НО НО 
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H 
об 


H5SO, 
HOt + + 
Br 
H20: 
ыў ies 
82. B is the fastest reaction; A is the slowest reaction. 


In order to form the epoxide, the alkoxide ion must attack the back-side of the carbon that is bonded to Br. 
This means that the OH and Br substituents must both be in axial positions. To be 1,2-diaxial, they must be 
trans to each other. 


Br 


A does not form an epoxide, because the OH and Br substituents are cis to each other. 
B and C can form epoxides because the OH and Br substituents are trans to each other. 


The rate of formation of the epoxide is given by К' Ке, where К' is the rate constant for the substitution 


reaction, and K,, is the equilibrium constant for the [equatorial] / [axial] conformers. 


When the OH and Br substituents аге in the required diaxial position, the large tert-butyl substituent is in 
the equatorial position in B and in the axial position in C. 


Br Br 


OH OH 
B С 


Because the more stable conformer is the one with the large tert-butyl group in the equatorial posi- 
tion, the OH and Br substituents are in the required diaxial position in the more stable conformer of 
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B (K,, is large), whereas the OH and Br substituents are in the required diaxial position in the less 
stable conformer of С (Кеа is small). Therefore, В reacts faster than С. 


Br Br 
H H 
(CH3)3C H H H 
H OH C(CH3)3 OH 
B С 
83. а. The reaction of 2-chlorobutane with HO is an intermolecular reaction, so the two compounds have to 


find one another in the solution. 


CH,CHCH;CH, + СГ 


Cl OH 


сынаш + HO- 


The following reaction takes place in two steps. The first is an intramolecular Sy2 reaction; the reac- 
tion is much faster than the above reaction because the two reactants are in the same molecule and can 
find one another relatively easily. 


CH3CH2 CH,CH 
A up e ve 
CN 
(Ha — CHCH,CH, 


(CH3CH5N — CH;CHCH;CH; (CH3CH>).N — CHCH;CH; 


C HOD СНОН 


The second reaction is also ап Sy2 reaction and is fast because the strain of the three-membered ring 
and the positive charge on the nitrogen make the amine a very good leaving group. 


b. The HO group is bonded to a different carbon, because HO attacks the least sterically hindered car- 
bon of the three-membered ring. 


H га + 
OH OH a a сон re OH 
HSO ~= 
84. СЊС— | —сњ ———- CH,C— | Сн — СЊЕ—С—СЊо == Un —C—CH, 
| | | 
CH; СНА CH, CH; CH; CH; + H,O CH; 


| | 


CH; | 


| 
H,0t + со. 


CH; 
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CH; CH; CH; 
Н,804 | | 
a. СЊС— СНОН =~ CH3C— СНОН CH3C— СНОН + H,O 
| | Е 
OH е ОН 
H 
CH; О keto-enol CH3 
| | | interconversion | 
CH,CH— CH === CHC=CHOH + HOt 


b. Dehydration of the primary alcohol group cannot occur, because it cannot lose water via an E1 path- 
way, since a primary carbocation cannot be formed. It cannot lose water via an E2 pathway because the 
-carbon is not bonded to a hydrogen. However, dehydration of the tertiary alcohol group can occur. 
The product is an enol that tautomerizes to an aldehyde. 


Tes 


H;O* + 


Cyclopentene oxide undergoes back-side attack by the nucleophile, so the two substituents in the products 
are trans to each other. Therefore, both the R,R-isomer and the S,S-isomer are obtained. 


CH» 
О 
+ CH3NHCH3; 
"N(CH3) 
cyclopentene dimethylamine R,R-isomer S,S-isomer 


oxide 
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88. Notice that the initially generated carbocation can undergo either a 1,2-methyl shift or a 1,2-alkyl shift. 
,H 
HO OH HO dug СН» СН» 
а. НС CH; ЮС CH; HOY | cH, HÓJ| + сн; 
#8504 — or 
A 
| Y 
HO CH 
О CH3 HO СН» ЗЕ” : 
CH; CH; 
CH; 
HO + — + 
O, CH 
CH; 
H,0* + 


CH — CH3 CH; CH; 


89. a. А nitrogen is a stronger base than an oxygen, so unlike an epoxide that can be opened without the oxy- 
gen being protonated, the three-membered nitrogen-containing ring has to be protonated to improve 
the leaving propensity of the group. 


b. A nucleophile such as an NH, group оп a chain of DNA can react with the three-membered ring. If 
a nucleophile on another chain of DNA reacts with another of the three-membered rings in this com- 
pound, the two DNA chains will be crosslinked. 
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Practice Test 

1. Which of the following reagents is the best one to use in order to convert methyl alcohol into methyl 

bromide? 

Br НВг Br, NaBr Br* 

2. Which of the following reagents is the best one to use in order to convert methyl alcohol into methyl 

chloride? 

CL/CH;Cb CL/A CI SOCI, NaCl 

3. a. What would be the major product obtained from the reaction of the epoxide shown below in methanol 


containing 0.1 M НСІ? 


Or CH>CH; 


CHCH} 


b. What would be the major product obtained from the reaction of the epoxide in methanol containing 
0.1 М NaOCH;? 


4. Draw the major product(s) of each of the following reactions: 
I 
^ 
a. CH,CHCH,NCH,CH,CH,CH EE 
СН; HO 
CH, 
+ = 
ON HO 
CH; ‘CH, 
CH 
+ " 
и a i 
CH; ‘CH, 
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Draw the major elimination product that is obtained when each of the following alcohols is heated in the 
presence of H580,: 


№ 
a. СЊСЊС— тез с. CH3CH,CH,CH,CH,OH 
OH СН» 
CH; 
| OH 
b. CH,CH;CH,CH — CCH; d. 
| 
OH CH; 


Indicate whether each of the following statements is true or false: 


Tertiary alcohols are easier to dehydrate than secondary alcohols. 


a. 
b. Alcohols are more acidic than thiols. 


о 


Alcohols have higher boiling points than thiols. 


= 


The acid-catalyzed dehydration of a primary alcohol is an Sy1 reaction. 


5 = = = = 
поп по мн + 


е. The Hofmann elimination reaction is ап E2 reaction. 


What products would be obtained from heating the following ethers with one equivalent of HI? 
СН» 


| 
a. сысы OUS b. {Ус У 


CH3 


Draw the major product of each of the following reactions: 
CHCH, 

a. CH,CH,CH,NH, + CH;CH,SCH,CH, 
+ 


b. CH;CH,CH,OH + 800, ——— 
= pyridine 


H5SO, 
с. CH,CH,CH,CH,CH,CH,OH 


NaOCl 
-— 


CHCOOH 
0°C 


d. CH,CH,CH,CH,OH 


е. CH,CH,cH,cH,oH = 2%, 
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Answers to Practice Test 


HBr 2. SOCI, 
CH5CH; o 
а. HOCH;CCH4CH; b. снзоснњесњсн, 
OCH; OH 


CH; CH; | | 
а. CH,CHCH,N + CH,—CHCH,CH, b. < SS e < S 
| 2СН; 


СН; 
CH; СН; 
а. билк cai. b. билйн вене c. CH,CH;CH — CHCH; d. 
M cs 


8., b., c. will form both trans and cis, but more trans. 


Tertiary alcohols are easier to dehydrate than secondary alcohols. 
Alcohols are more acidic than thiols. 

Alcohols have higher boiling points than thiols. 

. The acid-catalyzed dehydration of a primary alcohol is an 5,1 reaction. 
The Hofmann elimination reaction is an E2 reaction. 


cae ee 
Homans 


CH; 


| 
а. CH;CH,C—I + CH30H b. OH + ICH; 
| 


CH; 


а. CH;3CH;CH;NHCH,CH; b. СЊСЊСЊС 


c. CH,CH;CH;CH—CHCH, + CH;CH;CH—CHCH;CH; 


О 


О 
| || 
E C 


YN и N 
d. СНзСН›СН» Н €. CH3CH2CH2 OH 


Organometallic Compounds 


From Chapter 12 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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Important Terms 


alkene metathesis 
(olefin metathesis) 


alkyne metathesis 


coupling reaction 
dialkyl lithium cuprate 


Gilman reagent 
(organocuprate) 


Grignard reagent 


Heck reaction 


olefin metathesis 
(alkene metathesis) 


organoboron compound 
organocuprate 

(Gilman reagent) 
organolithium compound 
organomagnesium compound 
organometallic compound 
organopalladium compound 
oxidative addition 


reductive elimination 


Suzuki reaction 


transmetallation 


400 


a reaction that breaks the double bond of an alkene and then rejoins the fragments 
to form a new double bond between two carbons that were not previously 
bonded. 


a reaction that breaks the triple bond of an alkyne and then rejoins the fragments 
to form a new triple bond between two carbons that were not previously bonded. 


a reaction that joins two groups with a carbon-carbon bond. 
(R);CuLi; prepared by treating an organolithium reagent with cuprous iodide. 


a dialkyl lithium cuprate used to replace a halogen in an alkyl, aryl, or vinylic 
halide with an alkyl group. 


the compound that results when magnesium is inserted between the carbon 
and the halogen of an alkyl halide (RMgBr, RMgCl). 


a reaction that couples an aryl halide or vinylic halide with an alkene. 


areaction that breaks the double bond of an alkene and then rejoins the fragments 
to form a new double bond between two carbons that were not previously bonded. 


an alkyl-organoboron compound, an alkenyl-organoboron compound, or an 
aryl-organoboron compound: R'B(OR)». 


a dialkyl lithium cuprate used to replace a halogen in an alkyl, aryl, or 
vinylic halide with an alkyl group. 


К; prepared by adding lithium to an alkyl halide. 

RMgBr or RMgCI; prepared by adding an alkyl halide to magnesium shavings. 
a compound with a carbon-metal bond. 

a compound with a palladium-carbon bond. 

insertion of a metal between two atoms. 


elimination of a metal from between two atoms, resulting in a covalent bond 
being formed between two carbons. 


a reaction that couples an aryl halide or vinylic halide with an organoboron 
reagent. 


the exchange of two groups (often alkyl and halide) between two metals. 


Organometallic Compounds 


Solutions to Problems 


1. All the reactions occur because, in each case, the reactant acid is a stronger acid than the product acid 
(methane, pK, ~ 60). 


2. The greater the polarity of the carbon-metal bond, the more reactive is the organometallic compound. 
Polarity depends on the difference in electronegativity between the atoms forming the bond; the greater the 
difference in electronegativity, the more polar the bond. 


C—Li C—Na 
2.5-1.0= 1.5 2.5—0.9 = 1.6 


The electronegativity difference between carbon and sodium is greater than that between carbon and lith- 
ium. Therefore, organosodium compounds (with a more polar carbon-metal bond) are more reactive than 
organolithium compounds. 


3: Transmetallation will occur if the new metal's electronegativity is closer to that of carbon. Because gallium 
(1.8) is more electronegative than magnesium, (1.2), and therefore closer to that of carbon, transmetal- 
lation will occur. Notice that after transmetallation the number of alkyl groups attached to gallium is the 
same as the number of chorines that were attached to it in the reactant. 


3 CH4MgCl + GaCl, 


(СНз)зба + 3 MgCl, 


4. Solved in the text. 
О 
Вг Вг 
5. а. Вг b. с. = а. 
Вг 
6. Because the tertiary alkyl halide will undergo an elimination reaction with the strongly basic organocuprate. 
7. The Br is replaced by the alkyl group of the organocuprate. 
2Li 
2 CH;(CH)3;CH>Br — 2 CH4(CH54CHjLi (CH;CH)CH,CH,CH,),CuLi 
CH3(CH5); c а и (CHo);CHoBr BrCH;(CH5); р = (CH) СН: 
/ N or / x 
H H H H 
CH3(CH2)7 m = y (CH2) СН» 
/ N 
H H 
0н 1“ 
8. а. еи севу b. кшш 
CH; CH; 
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9. а. CH,CH;CH,CH;CH)OH b. (jenen c. Др oesenenon 


o7 CH;CH; 
О O E 
J ,CH;CH; | Oo 
10. a. RCOOH (CH3CH5);CuLi | " 
HCI 
OH CH;CH; 
sCHCH3 \ „ОН 
+ 
(од OH 
О O 
|| CHCH; CHCH; 
b. RCOOH (СНЗСН>)›Сша НСІ 
Н›504 | А 
CH5CH;5 
(од ОН 
О О 
| СН; СН; 
с. C RCOOH (СНз): Сш НСІ 
H5S04| A 
СН» CH; 
HBr 
Br = 


402 


п. 


12. 


13. 


14. 


15. 


16. 


Organometallic Compounds 


| О | CuLi | 
C СВОЯ O | а 
OO 


H2 
Pd/C 
Solved in the text. 
a. Solved in the text. b. Solved in the text. c. CY T d. < 


Add the number of carbons in the chain in the starting material to the number of carbons in the organo- 
boron compound and then make sure that it is the same as the number of carbons in the chain in the 
product. 


An alkenylboron compound is prepared from an alkyne. 
Pu А 


1-pentyne 


O 


Е АР А А 
а 27 Z “с ~ ђ ~ NH, 
N 
Ф | 
© СНзО 7 E d. е о 


Solved in the text. 
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OR 
PdL < 
& Pm Qd Hes. Gm 
X. HO 
OR 


НВ(ОВ)> 


17. Suzuki reactions 


CH,CH,C=CH 


OR 
+ УСС B^ rum one 
N HO 
OR 


HB(OR); 


CHCH CH =CH, 


Heck reactions 
Pas 
(CH;CH),N 


O AA 
Pr Pda _ ENG. 
‹снуснууу CH3JN 
Notice that only a Suzuki reaction can be used to replace a halogen with an alkyl group. A Heck reaction 
replaces a halogen wih an alkenyl group. However, the alkenyl group can subsequently be reduced to an 


b. 


alkyl group. 
|| 
18. cue {er + сњо-( )-сн=сн 
or 
| 
сно om + od )-cu-en 
Н.С P 
N 
19. а. CH—CH, +  CH4CH,CH—CHCH,CH, с. CH=CH, + с=с 
— Н.С CH, 
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20. 


21. 


22. 


23. 


24. 


25. 


Organometallic Compounds 


To determine the size of the ring that is formed in ring-closing metathesis, subtract 2 from the number of 
carbons in the reactant. 


a. CH,=CH, + @ с. CH,=CH, + С) 


b. CH,—CH, + 


a. Solved in the text. с. 27 
pO 
b. Solved in the text. d. УА 
CX 


O 


C S-eme y С усе Уон, + 


CH, (CN Go Neg. 


| cr À (У У 
b. Да СН›СН»СН»ОН е. cr 


C is the only one that can be used to form a Grignard reagent. 

The Grignard reagent formed from A will be destroyed immediately by reacting with the proton of the 
alcohol group. 

The Grignard reagent formed from B will be destroyed immediately by reacting with the proton of the 
carboxylic acid group. 


The Grignard reagent formed from D will be destroyed immediately by reacting with the proton of the 
amino group. 


А = Li D = ethylene oxide G = ethylene oxide 
B = Cul Е=н' Н = Н? 
С = (CH3).CuLi F = NaH 
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26. a. Br CH=CH, 
PdL, 1. BH,/THF 
+ CH, =CH, = " 
(CH4CH;4N 2.H,O,, HO, НО 
CH,CH,OH 
or 
Br | CuLi А СЊСЊОН 
1. Li 1. / à 
2. Cul к 
2 2. HCl 
HBr 1. Li . 
b. нон СН:СНСНВг я санар CuLi 
| .Cu 
CH; CH; CH; j 
О, 
LA 
2. HCl 
ББ 
СН; 
О 
z NaNH> E и - 
c. CH3;CH,C=CH — CH4CH5C-C^ pm CH3CH5C--CCH;CH;0H 
N 
2 
а. с PdL, < e 
зы (CH,CH,),N 
OH 
е. СН; СН; 
T 1. (CHp)aCuLi H,SO, 
2HCl  ^ A 
f A 
А Ооң _5ОСЬ» _ С Li BOOS, oL Pa c 
“pyridine a hexane ы ТНЕ (Снзсн;) сия 2. HCl OH 
27. a. Br с. p d. pu 
Br 2 “вг 
К ПАЙ 
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28. а. С хм?” d. Ns 
“CD i Q 
CH; 
; PN c. 
Br TER Br 


к. O 


30. Remember that the double bond that comes from the alkenyl-organoboron compound always has the 
E (trans) configuration. 


/ 


29. a 
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O 
31. a. b. с. < 
* B 
d Tu 
О 
114 E 
32. а. СНЗСН:СНСНВг [> (CH3CH2CH)CH)),CuLi a CH3CH;5CH;CH;CH;CH;0H 
NaOCI 
PCC|CH,Cl, or | CHCOOH 
i 0°C 
| 
СЊСЊСЊСЊСНСН 
| О OH 
RCOOH / 1. (CH4CH3)2CuLi | 
b. CH3;CH—CHCH3; СЊСН—СНСНза Б. O ЕН 
CH; 
#8504 
А 
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| О OH 
RCOOH \ 1.(CH3); CuLi | 
с. CH,CH—CHCH; ——À CH4CH—CHCH; -на ^"  CH;CHCHCH 
| | 
СН» 
NaOCl 
CH;COOH 
0°C 
| 
СЊССНСНз 
| 
CH; 
33. Once some bromocyclohexane has been converted to a Grignard reagent, the nucleophilic Grignard reagent 


can react with the bromocyclohexane that has not been converted to a Grignard reagent. 


Mg АША 
Вг CERO U MgBr + Bre} — 


+ MgBr 


34. The student did not get any of the expected product, because the Grignard reagent removed a proton from 
the alcohol group. Addition of HCI/H5O protonated the alkoxide ion and opened the epoxide ring. 


HC. _O HC. _O НС. ‚ОН 
OH 
HCI 
+ 
CH;MgBr + CH Eu 
О OH 


35. а. OH Br Cli a 7X СЊСЊОН 
РВг; 1. Li 2. НСІ 
pyridine 2. Cul 
2 
b. bd. b db 
OH 


PBr3 Mg D20 
pyridine Et20 


Br MgBr D 
36. Remember that the double bond that comes from the alkenyl-organoboron compound always has the E 
(trans) configuration. 


a. Ccannot be prepared by a Heck reaction, because the double bond in the alkenyl-organoboron 
compound reactant of a Heck reaction always has the Е configuration in the product. Both double 
bonds in C have the Z configuration. 
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A cannot be directly synthesized by a Heck reaction. A Heck reaction couples a vinylic halide and an 
alkene, so the product will contain at least two double bonds. However, A can be made by a Heck reac- 
tion followed by reduction of the double bonds. 


ш uo "s 
E Su PdL, Б 
i (CH4CH5),N 


H, | Pd/C 


b. The starting materials for the synthesis of A are shown above. Those for the synthesis of B are shown 
here. 


Uu BEN 
Br 
В | + 


37. CH3CH = СНСН,СН; 
2-pentene 


А = CH;CH= B= CH4CH;CH— 


A = apiece containing two carbons апа В = a piece containing three carbons. The two pieces can be put 
together in four different ways. 


A—A B—B A—B B—A 


Two of the four pieces (A—B and B—A) represent 2-pentene. Therefore, the maximum yield of 2-pentene 
is 50%. 


38. Bombykol can be prepared using a Suzuki reaction. First, make the organoboron compound. Draw the 
vinylic bromide so you can see what product will be obtained from the coupling reaction. 


H—B(OR), (КОВ ap OH 
Р Abo s соса. он 228, 


2 “Вг 
PdL, 
HO 
H 
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Bombykol can also be prepared using a Heck reaction. 


Lindlar 
catalyst 27 он 
ОН = = 
2 H, 
2 “Вг 
PdL, 
(CH4CH5)4N 


OH 


39. a. 2-butene and 3-hexene 
b. Twosymmetrical alkenes. The only alkenes that will be synthesized other than the target alkene are the 
reactant alkenes. 


40. There are three possibilities A, B, and C. Only the bromine bonded to the benzylic carbon can be replaced 
by hydroxide ion via a nucleophilic substitution reaction. Both bromines can react with magnesium to 
form an organomagnesium group that can react with acid. 


CH3Br СН,Вг СН,Вг 
Вг Вг 
Вг 


А В С 


Compound A, for example, will react as follows: 


СН,Вг CH OH CH,Br CH5MgBr СН» 
но“ Ма HCl 
Et,O 
Br Br Br MgBr 


о сн, | | 
41. а. Sm ~ b. + oie с. у 
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42. Some alkenes can undergo ring-opening metathesis to form high-molecular-weight polymers. Relieving 
the strain of a ring that contains a double bond (recall that sp? carbons have 120° bond angles) causes the 


reaction to go to completion. 


a. First draw the product obtained by breaking the double bond and forming new double bonds. Seeing 
that six-membered rings are formed allows you to draw a reasonable structure for the polymer. 


[ore ze Г | 
— —CH=CHCHCH,CH,CHCH =CHCHCH,CH,CHCH=CH — 


— CH=CH CH=CH 
Ch р! 


b. ду — —CH=CHCHCH,CH,CHCH=CHCHCH,CH,CHCH=CH — 


i- а ТИР 0 ТЕ 
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Practice Test 


Which is more reactive, an organocadmium compound (electronegativity of Cd = 1.5) or an organolead 
compound (electronegativity of lead = 1.6)? 


Which of the following alkyl halides could be used to form a Grignard reagent? 


H 
N 
OH P" oe ee ~ 


What аге the products of the following reactions? 


— 
5k 27 (CH4CH5)N 


+  (CH3;CH,CH3),CuLi = 


` 


Br 


c 
ES 


a. 


e 
c 
= 


бб 


What are the products of the following reactions? 


pur PdL, 
+ 
27 (CH4CH34N 


Р 


CC 


c 
EA 


w 
A 


Раг. 
2 а: 


Draw the products of each of the following reactions: 
Grubbs 


a. а. catalyst 
22 — 


Grubbs 


b. ааыа: catalyst 


Grubbs 


с. catalyst 
Б ee e ee __ 
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6. Indicate how each of the following compounds could be prepared using the given starting material: 
| УВА „св „И „св 
a" c 
H Br H CH;CH; 
b. Cy ^" di NE 
7. What alcohols would be formed from the reaction of ethylene oxide with the following organocuprates? 
a. (CH4CH;CH,);CuLi b. CuLi 
2 
8. Which of the following could be used as a reactant in a Heck or a Suzuki reaction? 


До vee wee 
$ B Br 
ZA | GQ P A d СТ 
Вг 


9. Show how the following compounds сап be prepared by a: 
a. Heck reaction. b. Suzuki reaction 
NH 
1. са 2, S 
О 
10. What are the products of the following reactions? 
О 
а. Np, + CHCH p ы 
7 “Вг 3 2 \ НО“ 
О 
Вг 
ON ыдыс 
(CH,CH,CH,),N 
11. Using any needed reagents, show how the following synthesis could be carried out. 


O 
Br 
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Answers to Practice Test 


an organocadmium compound 


H CH; H CH; 
c a (CH3CH3);CuLi За m ВА 
N EtO IL N 
H Br H CHCH; 


О 


СН ОН рв, CHBr мь CH;MgBr. 1. ње cn; (СН)3ОН 
Я ЕБО 2. HCl 
. CH,CH,CH,CH,CH,OH b. [_}—съьсъон 


Вг 
а -— PAL CY 


Br 
NH5 
1 Ре е " Ў 2 + WN 
О 
В 
bo Nh o, вов, T. 
O 
Br 


m 


+ 070 BR, Pha 
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Br ЈУ PdL, 
11. СТ "ES Н (CH,CHCH;N 


416 


Radicals * Reactions of Alkanes 


Important Terms 


alkane 

alkoxy radical 

allylic radical 
benzylic radical 
combustion 

free radical 

(radical) 
halogenation reaction 


heterolytic bond cleavage 
(heterolysis) 


homolytic bond cleavage 
(homolysis) 


initiation step 


peroxide 


peroxide effect 


primary alkyl radical 


propagation step 


radical (often called a 
free radical) 


radical addition reaction 
radical chain reaction 


radical inhibitor 


a hydrocarbon that contains only single bonds. 

an alkoxy group with an unpaired electron on oxygen. 

a species with an unpaired electron on an allylic carbon. 
a species with an unpaired electron on a benzylic carbon. 


a reaction with oxygen that takes place at high temperatures and converts alkanes 
(or other organic compounds) to carbon dioxide and water. 


an atom or a molecule with an unpaired electron. 


the reaction of an alkane (or other organic compounds) with a halogen. 


breaking a bond with the result that both bonding electrons stay with one 
of the previously bonded atoms. 


breaking a bond with the result that each of the atoms that formed the bond gets 
one of the bonding electrons. 


the step in which radicals are created and/or the step in which the radical needed 
for the first propagating step is created. 


a compound with an O—O bond. 


peroxide causes the initial step in the addition of HBr to an alkene to be a 
bromine radical instead of a proton. 


an alkyl radical with the unpaired electron on a primary carbon. 
in the first of a pair of propagation steps, a radical reacts to produce another radi- 
cal that reacts in the second propagation step to produce the radical that was the 


reactant in the first propagation step. 


an atom or a molecule with an unpaired electron. 


an addition reaction in which the first species that adds is a radical. 
а reaction in which radicals are formed and react in repeating propagating steps. 


a compound that traps radicals. 


From Chapter 13 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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radical initiator 


radical substitution 
reaction 


reactivity-selectivity 
principle 


saturated hydrocarbon 
secondary alkyl radical 
termination step 


tertiary alkyl radical 
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Radicals * Reactions of Alkanes 
a compound that creates radicals. 


a substitution reaction that has a radical intermediate. 


the greater the reactivity of a species, the less selective it will be. 


a hydrocarbon that contains only single bonds (it is saturated with hydrogen). 
an alkyl radical with the unpaired electron on a secondary carbon. 
two radicals combine to produce a molecule in which all the electrons are paired. 


an alkyl radical with the unpaired electron on a tertiary carbon. 


Radicals * Reactions of Alkanes 


Solutions to Problems 


1. Ul. —S 20 


"orem 


C» + Ch = { ус: СІ. 


Cl- + -—— Ch 


T у (> m (= 


O-O—O-O, 


x C —= ла. 
Cl: + CH, — -CH + на 
СНз + Ch — CHCI + а 
Cl + Сна — сна + на 
РАСЕ + Ch ———> CHCh + Cl 
С> + СНС, ——> сна, + на 
снсђ + Ch — СНС + Ck 
Cl + CHC — -CC + HCI 
XU + Ch ——=_ CCh + CL 
Ck + CC — ССЦ 


а 
3. a. CH4CH;CHCH;CCH;CH; 
| 
CH; 


b. Six secondary hydrogens 


4. a. 3 с. 5 e. 5 g.2 
b. 3 d. | f. 4 h. 4 

5. Solved in the text. 

6. Solved in the text. 


i. 


>» initiation 
= 


> propagation 


PAS 


> termination 
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10. 


п. 
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a. The major product would be the one obtained from the removal of a tertiary hydrogen. 


сн 


Вг 


b. The relative amounts of the four possible products would be: 


6х1=6 1 X 1600 = 1600 2 X 82 = 164 3x123 


600 


1 
percentage of major product = ——— X 100 = 90.2% 


яв 


1773 


Chlorination, because the halogen is substituting for a primary hydrogen. 
Bromination, because the halogen is substituting for a tertiary hydrogen. 


c. Because the molecule has only one kind of hydrogen, both chlorination and bromination will form 
only one monohalogenated product. 


Solved in the text. 


CH; CH; 

a. Gi Hos =>. CH3CCHs 
Br 

CH; CH; 

b. eee 80 CH3CCHy 
Br 

CH; CH; 

c. eee: <2» CH3CCH3 
Br 


CH; 
L- CH3CCH; 
OH 
CH; CH; 
НО, CH.CCH, DS. dci 


OH 


To start peroxide formation, the chain-initiating radical removes a hydrogen atom from an a-carbon of the ether. 


a. D is most apt to form a peroxide, because removal of a hydrogen from an a-carbon forms a secondary 


radical. 


b. Bis least apt to form a peroxide, because it does not have any hydrogens bonded to its a-carbons. 


Br: 


СН» 
| С + 
CH3 
Br 
+ HBr 


CH3 
Br 


CH; 


13. 


14. 


15. 


16. 
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CH; CH3 
а. CH,C—CHCH, + HBr ————-  CH4C— CH;CH; 
Ér 
CH; CH; 
b. dii —CHCH; + HC] —~ авс — CH5CH3 


a 


СН» СН» 


| peroxide 


| 
c. CH;C=CHCH; + НВг -———- o NÉ НЕН 


Br 
CH5 СН» 


| peroxide | 


d. CH,C—CHCH, + на ===  CH4C— CH;CH, 
| 


Cl 
T? T CH3 
Cl 
a. CH3;CHCH; в CH3CHCH;C] + м 
" 
achiral а 
achiral 
Пе = 
Clo 
b. CH3CH;CH;CH; a СЊСЊСЊСЊЕС + eu {н + н”, 
achiral 3 Cl Cl CH3 
chiral chiral 
V 7 
v 
enantiomers 


Bromination can occur at either of the two tertiary positions. Because the radical intermediate is sp? 
hybridized and therefore planar, the incoming bromine can add to a tertiary radical from either the top or 
the bottom of the plane. (Notice that there are four stereoisomers: R,R, А,5, 5,5, and S,R.) 


a. Two stereoisomers are formed because the reaction forms a compound with an asymmetric center. 
Br ‚Вг 
NBS, A i 
peroxide + 
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b. The reaction forms two constitutional isomers, and each constitutional isomer has two stereoisomers. 


СН; 


NBS, A . 
peroxide 


СН» 


— CY + HBr 


CH; CH; 

п CÉ в СЕ —CY +m 
<7 2 
н_ 7 


18. Solved in the text. 
19. The product of the reaction in Problem 18 has one asymmetric center. Therefore, two allylic substituted 
bromoalkenes are obtained, one with the R configuration at the asymmetric center and one with the 


S configuration. 


Br Br 


(R)-4-bromo-2-pentene (S)-4-bromo-2-pentene 
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There are two sets of secondary allylic hydrogens, a and b (plus a less reactive set of primary 
allylic hydrogens on the methyl group). 

Removing one of the a allylic hydrogens forms an intermediate in which the unpaired electron is 
shared by two secondary allylic carbons. Removing one of the b allylic hydrogens forms an inter- 
mediate in which the unpaired electron is shared by a tertiary allylic carbon and a secondary allylic 
carbon. 


CH; CH; 
removing a removing a 7 
 Hfroma _ Нот а _Hfromb _ from b 
== 


secondary secondary secondary tertiary 


Therefore, the major products are obtained by removing a b allylic hydrogen. 


СН» 


H3C Br 
a _NBS, A _ 
b ттш 


1-methylcyclohexene 


Н.С Br НС Br Pen 
Br "C 4 3 Br 


Each of the products has one asymmetric center. 
The К and the S stereoisomers will be obtained for each product. 


CH; CH; Br, СН; HC, Br 


The product has two asymmetric centers. 
Because addition of Вг» is anti, only the stereoisomers with the bromine atoms on opposite sides 
of the ring are obtained. 


CH, Н.С 


"Вг Br 
Br Br 


The product does not have an asymmetric center, so it does not have stereoisomers. 


НС Вг 
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4. The product has two asymmetric centers. 
Because radical addition of HBr can be either syn or anti, four stereoisomers are obtained as 


products. 
СН. X3 CH, НС 
] Br on ko 


22. a. | О 


@ Br or BE tert-BuO- © RCOOH 
hv 


| 
СЊВг СНОН С 
b. NaOCl ^u 
CH,COOH 
0°C 
OH O 
с. NaOCl 
CH,COOH 
0°C 
OH 
OH 
d. em tert-BuO- p (У 
23. Four atoms (three carbons and one oxygen) share the unpaired electrons. 
il | | | L 
OH OH OH OH OH 
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24. Antioxidants are radical inhibitors. That is, they react with radicals and, thereby, prevent radical chain reac- 
tions. There are several OH groups in a catechin that, upon losing a hydrogen atom as a result of reacting with 
a reactive radical, form a radical that is stabilized by electron delocalization. This highly stabilized radical is 
sufficiently unreactive that it cannot damage cells by reacting with them. An example of one of the stabilized 
radicals is shown below. 


| О | 
о. о ок х © бы 
“OH “OH `^^ “он 
OH OH 
'O | ба 2 | 
o. E да 5 
“OH "OH 
OH OH 


25. а. CH)=CHCHCH,CH; -— CH,CH=CHCH,CH; 


OH 


Bro [вы 


CH,—CHCHCH;CH,; + ВСН›СН=оСНСНоСНз 


| 
Вг 


b. In the radical intermediate that leads to the major products, the unpaired electron is shared by a 
primary carbon and a tertiary carbocation. In the radical intermediate that leads to the minor products, 
the unpaired electron is shared by a primary and a secondary carbocation. It, therefore, is not as stable 
as the intermediate that leads to the major products. 


СН» |" 
| 
CH3C-— CH == CH) CH =-= C= CHCH3 
Ку à ој RN 
CH; CH; |" СН» 
| | | 
CH3C—=CHCH2Br + CH3;CCH=CH) BrCH,C—=CHCH3 + СЊ== аш 
| 
Br Br 
major products minor products 


In bromination, selectivity is much more important than probability. Therefore, even though twice as 
many hydrogens are available for removal by a bromine radical that leads to the minor products, they 
will still be minor products because the easier-to-remove hydrogens lead to the major products. 


Cl : 
с. ud d d. e. noreaction 
Br (There is no light or heat, 


. so radicals cannot be formed.) 
major product 
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: СН»С1 CH; а СН; СН; 
+ + + 
Cl 
Cl 
CH; Uum 
| 
26. a. к b. CH3CH,CHCH,CH,CH; 
CH; 3-methylhexane 
dimethylpropane 
СН; СН; 
H3C CH; 
27. a. b. c. 
CH3 Cl Cl 
Cl CH, 
E СН; 
Four secondary hydrogens . | 
can be removed to form Eight secondary Six secondary 
this product hydrogens can be hydrogens can be 
removed to form removed to form 
this product this product 
28. Because a bromine radical is much more selective than a chlorine radical, the bromine radical will remove 
a tertiary hydrogen in order to form a tertiary radical. 
CH; Br CH; 
H3C СН» 
а. b. с. 
CH; 
Br 
CH; Br CH; 
CH; 
29. a. O d. Cá 
Br Br СН; 
СН» CH; 
b. о e. Ө А 
Вг Вг 
СН» 
| Вг 


In е and f, because one product is under kinetic control and the other is under thermodynamic control, the 


tal X 
CH; 


CH; 


major product will depend on the conditions under which the reaction is carried out. 
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i” Ta 
30. HRS CH3CHCH;CI 

Ы 9х1=9 
ТХх=х 
fraction of the total that is _ 1-chloro-2-methylpropane — 064 
1-chloro-2-methylpropane ^ 1-chloro-2-methylpropane + 2-chloro-2-methylpropane | 

9 
= 0.64 
9+х 


9 = 0.64 (9 + x) 

9 = 5.76 + 0.64х 
3.24 = 0.64х 

x=5 


We have found that it is five times easier for a chlorine radical to remove a hydrogen atom from a tertiary 
carbon than from a primary carbon. 


31. Removing a hydrogen atom from ethane by an iodine radical is a highly endothermic reaction 
(AH? = 101 — 71 = 30 kcal/mol), so the iodine radicals will reform I, rather than remove a hydrogen 
atom. 


CH;CH; + > -X- снн, + HI 


101 kcal/mol 71 kcal/mol 
32. EN СЕ) ИШ og + HBr 
Z <; 
Н .—* Вг *| * Br 
Y 
Br 
CO 


Br 


33. It is easier to break a C—H bond than a C—D bond. 
Because a bromine radical is less reactive (and more selective) than a chlorine radical, a bromine radical 
has a greater preference for the more easily broken C—H bond. Bromination, therefore, would have a 
greater deuterium kinetic isotope effect than chlorination. 
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34. a. 


Five monochlorination products are possible. 


СН» СН»С1 Cl СН» СН; СН; СН; 
Cl 
Cl, 
ћу 


а 


b. The two compounds below will be obtained in the greatest yield because each опе can be formed by 
removing one of four hydrogens to form a secondary radical. More of the compound on the left will be 


obtained because the methyl group in the compound on the right will provide some steric hindrance to 
the approach of the chlorine atom. 


CH CH; 
CI 


4 X 3.8 = 15.2 4 X 3.8 = 15.2 


с. The number of possible stereoisomers for each compound is indicated below each structure. 


СН» CHCl а CH; CH3 СН; СН; 
Cl 
Вг» 
һу 
С1 
1 1 4 4 Cl 
These have 0 These have 2 | 2 
asymmetric centers. asymmetric centers. This does not have 
an asymmetric center, 
but has cis-trans isomers. 
A total of 12 stereoisomers can be obtained. 
TS СН» Вг 
35. a. CH3CHCH,Cl с. CH3CHCHCH3 е. СН» 
Вг 
T? CH; CH= СН» 
b. CH3CCH; d. CH;—CHCH;CH;CHCH?Br f. Br 
| 
Br 
СН; 
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36. а. 


= 


о 


= 
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tert-BuO ^ 
tert- "en-BuOH | 


tert-BuO— 
Пет-ВчОН 
Вг 
_NBS,A A 
“peroxide - 
Br OCH3 
tert-BuO ^ NBS, A СНО“ 
tert-BuOH peroxide 
B 


r 


„РЕНО | BuO^ _NBS,A | ^ (СН, па 
ert-BuOH - “peroxide ® 


„„ОСНз 


O =- 
O = 
2% 
URL 


e. 
[9] 
Br? tert-BuO^ dos О 1. СН;07 
ћу tert-BuOH 2. HCl 
Br 


37. 


a. One difference between this reaction and the monochlorination of ethane is the source of the chlorine radical. 
This reaction has two sets of propagation steps because two different radicals are generated in the initiation 
step. This reaction also has several more termination steps because of the two different radicals generated in 
the initiation step. 


Hs CH3 

initiation CH3COCI 3 
| | 
CH3 CH3 


( СН» CH, 


| 
СЊСО· + CH;CH; 


| : 
он + CH;CH, 


CIE CH; 


i 

propagation < CH; CH, 
| 

CH3CH,Cl + СЊСО · 


| 
C CH, CH; 


CH4CH, + о 


429 


Radicals * Reactions of Alkanes 


и 


Cle + СЊСЊ HCI + CECH 


ti 
propagation CH; CH; 


А | | 
CH3CH5 + ы СН»СН»С1 + и 


" СН» СН» 
this species enters the first propagation cycle 


И сњењ + а. СН3СН»›С1 
CH; CH; CH, CH; 
CH;CO- + Eno ва бес 
CH; cs is em 
CH; CH; 
CH;CO- + CL ан cod 
termination < CH; Пн 
CH; CH; 
CH&CO: + CH;CH, d 
m Cit 
а. + а. С 
\ сизбн» + CHSCH CH3CH»CH>CH3 
b. AH? = bonds broken — bonds formed 


Let x = the bond dissociation energy of the О — Cl bond. 
—42 kcal/mol = [101 kcal/mol + x kcal/mol] — [85 kcal/mol + 105 kcal/mol | 
— 143 kcal/mol = x kcal/mol — 190 kcal/mol 
x = 47kcal/mol 


38. The reaction forms a product with two new asymmetric centers. 


СНз CH; 


| | 
CH4CH;CH — CCH;CH; 


Br 


Because the reaction involves both syn and anti addition, four stereoisomers are formed. 


CH;CH; CHCH; CH;CH; CH;CH; 

H CH; CH; H H CH; CH; H 
Br СН» СН» Вг СН» Вг Вг CH; 
CHCH; CHCH; CHCH; CHCH; 
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HBr Br ? Вг | \ 
39. а. HO^ ~ SS peroxide HO == “0 — 
О 
И нь, CHO- 
кк p агт 
c. 


40. 


OH 
pw UE pu - 
A x peroxide 
Br 


НО“ 
Bro—— NZ 5, 
ра, \ Bae 


(CH4CH5N 


LA RU МР мы 


соо 


СН; 
2-methylbutane 


2-Methylbutane forms two primary alkyl halides, one secondary alkyl halide, and one tertiary alkyl halide. 
First we need to calculate how much alkyl halide is formed from each primary hydrogen available, from 
each secondary hydrogen available, and from each tertiary hydrogen available. 


a primary alkyl halide 


CICH;CHCH;CH; 


| 
CH3 


CH3CHCH;CH?CI 


| 
CH, 


a secondary alkyl halide 
Cl 


| 
CH;CHCHCH; 


| 
CH; 


a tertiary alkyl halide 
CI 


| 
са 


СН; 


Substitution of апу опе of six hydrogens leads to this product. 
percentage of this product that is formed = 36% 
percentage formed per hydrogen available = 36/6 = 6% 


Substitution of any one of three hydrogens leads to this product. 
percentage of this product that is formed = 18% 
percentage formed per hydrogen available = 18/3 = 6% 


Substitution of any one of two hydrogens leads to this product. 
percentage of this product that is formed = 28% 
percentage formed per hydrogen available = 28/2 = 14% 


Substitution of the one tertiary hydrogen leads to this product. 
percentage of this product that is formed = 18% 
percentage formed per hydrogen available = 18/1 = 18% 


From the above calculations, we see that at 300 °C, the relative rates of removal of a hydrogen atom from a 
tertiary, secondary, and primary carbocation are: 


18: 14:6 = 3.0:2.3:1 
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42. 


43. 


44. 
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We saw that at room temperature the relative rates are: 
5.0 :3.8:1 


Thus, we can conclude that at higher temperatures, there is less discrimination by the radical between а 
tertiary, secondary, and primary hydrogen atom. 


The chlorine radical is more reactive at the higher temperature (600 °C), so it is less selective. 


Br 
е. бу ВЕ @ d E dac 
Br 
f. aS 4 27 FN 
Br Br 


For an alkene to form the same product whether it reacts with HBr in the presence or absence of peroxide, 
it must be symmetrical about the double bond. 


т 
а. (3 b. g СН3СН»СН = CHCH,CH; Е 
cis or trans CH; 


а. сњ—н + са сњ—а + на 
105 58 84 103 
АН“ = bonds broken — bonds formed 


АР? = [105 kcal/mol + 58 kcal/mol] — [84 kcal/mol + 103 kcal/mol ] 
АР? = 163 — 187 = —24 kcal/mol 
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b сњ—н + а — CH, + H—Cl АР? = 105 — 103 = 2 kcal/mol 


CH, + а-а — сњ—а + а AH? = 58 — 84 = —26 kcal/mol 
Overall AH? = 2 + (—26) = —24kcal/mol 


с. If you cancel the things that are the same on opposite sides of the equations in part b and then add the 
two equations, you are left with the equation in part a. 


сњ—н + Я —— CH, + H—Cl 
CH. + Co =< ая 


CH, + су == CHi + на 


45. The overall АН“ value is the same for both mechanisms. However, ће mechanism that occurs is controlled 
by the first propagation step. The first propagation step of the alternative mechanism is very endothermic, so it 
would not be able to compete with the first propagation step of the mechanism shown in Problem 44b. 


CH,—H + а — CH;—Cl + -H АР? = 105 — 84 = 21 kcal/mol 
Н. + са — н—а + а АР? = 58 — 103 = —45 kcal/mol 


Overall AH? = 21 + (—45) = —24 kcal/mol 


46. RÓ бе 2 КО: 
RO: + HCCh ROH + -CCh 


Oni гу D — 


ч СС 
. + HCCh —— +SCCh ——= 
СС СС 
+ HCCh = + ССІ 


47. The methyl radical that is created in the first propagation step reacts with Br», forming bromomethane. 


-Br + CH, — СН; + НВг 
“СН; + Вг, — СН»Вг + Br 
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If HBr is added to the reaction mixture, the methyl radical that is created in the first propagation step can 
react with Br, or with the added HBr. Because only reaction with Br; forms bromomethane (reaction with 
HBr reforms methane), the overall rate of formation of bromomethane 1s decreased. 


Br + CH} —— CH} + HBr 


«СН; + Bry — СН»Вг + „Вг 


В! В! 
48 __ R2 R2 
= ЕЗ У R3 
R4 R4 
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Practice Test 


How many monochlorinated products would be obtained from the monochlorination of the following 
alkanes? (Ignore stereoisomers.) 


RAK а СО 
[ој 
ew 


What is the first propagation step in the monochlorination of ethane? 


When (S)-2-bromopentane is brominated, 2,3-dibromopentanes are formed. Which of the following com- 
pounds are not formed? 


СН; СН; СН; СН; 
Н Вг Br —1—H Br H H Br 
H Br НВ Вг H Br H 
CH2CH3 CH2CH3 CH2CH3 CH2CH3 


Determine the AH? of the two propagation steps in the monochlorination of ethane, using Table 1 from 
Chapter “Alkenes: Structure, Nomenclature, and an Introduction to Reactivity: Thermodynamics and 
Kinetics” of the text. 


Label the radicals in order from most stable to least stable. (Label the most stable #1.) 


CH,CH,CH,CH =CH, CH;CH,CHCH=CH, 
CH4CH;CH;CH—CH CH4CHCH;CH— CH; 


Draw the product(s) of each of the following reactions, ignoring stereoisomers. 


CH; 
a. Cr + NBS —^ 
peroxide 


b. CH43CH;CH—CH, + NBS 


A 


peroxide 
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Draw the products that will be obtained from the monochlorination of the following alkane at room 
temperature. (Ignore stereoisomers.) 


CH; CH; 


| | 
СН3ССН›СН›СНСН3 + Ch == 


What product will be obtained in greatest yield? 


What product would be obtained in greatest yield if the alkane were brominated instead of chlorinated? 


Calculate the yield of 2-chloro-2-methylbutane (as a percentage of all the monochlorinated products 
obtained) when 2-methylbutane is chlorinated in the presence of light at room temperature. 


What is the major product of each of the following reactions? Ignore stereoisomers. 


a. 


b. 


CH; CH; 


| 
CH4CH—CCH;CH, + HBr с. CH,CH—CCH;CH, + HCl 


|“ CH; 
id | 4 
CH4CH-CCH;CH; + HBr ON а d. сњен=<ссњсњ + на peroxide 


Which of the above reactions forms more than one stereoisomer? 


3 СН; СН; 
Вг H Br H 
Br H H Br 
CHCH; CH;CH; 
4. CH4CH, + СІ. —> CH;CH, + на AH? = 101 — 103 = –2 kcal/mol 
CH4CH; + Cl, —- СЊСЊС + Cl- AH? = 58 – 85 = —27 kcal/mol 
5. CH5CH;CH;CH = CH CH3CH;CHCH = CH; 
3 1 
CH;CH;CH;CH = CH CH4CHCH;CH = CH, 
4 2 
CH, СЊВг 
6. а. А Cx b. о + сњен=<НСЊВг 
Br Br 
СН; CH; CH; CH; CH, CH; 
T: a. ее сна E ч а 
CH;CI СН; Cl СН» | 
CH; CH; CH; СН; 
оен па НЕН 
СН» | СН; 
СН; CH; СН; СН; 
b. Chee CHC, с. cece СӨБ 
CH;CI cis B: 


8. 2396 
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Answers to Practice Test 
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CH; СН; 
9. а. саар с. Rent 
В: á 
СН; СН» 
Ь. Gin cicero d. йени тсн 
| 


10. b 


438 


NMR Spectroscopy 


From Chapter 15 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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Important Terms 


applied magnetic field 


chemically equivalent 
protons 


chemical shift 


PC NMR 

COSY spectrum 

coupled protons 

coupling constant 

DEPT PC NMR spectrum 


diamagnetic anisotropy 


diamagnetic shielding 


diastereotopic hydrogens 


2-D NMR 
doublet 


doublet of doublets 


downfield 


effective magnetic field 


enantiotopic hydrogens 


Fourier transform NMR 
(FT-NMR) 
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the externally applied magnetic field. 

protons with the same connectivity relationship to the rest of the molecule. 
location of a signal occurring in an NMR spectrum. It is measured downfield from 
a reference compound (most often TMS). 

nuclear magnetic resonance from carbon (C) nuclei. 

a 2-D NMR spectrum showing !H-!H correlations. 

protons that split each other. Coupled protons have the same coupling constant. 
the distance (in hertz) between two adjacent peaks of a split NMR signal. 

a group of four ^C NMR spectra that distinguish CH3, СН», and CH groups. 

the term used to describe the greater freedom of 7 electrons to move in response 
to a magnetic field as a consequence of their greater polarizability compared with 
o electrons. 


shielding by the local magnetic field that opposes the applied magnetic field. 


two hydrogens bonded to the same carbon that will result in a pair of diastereo- 
mers when each of them is replaced in turn with deuterium. 


two-dimensional nuclear magnetic resonance. 

an NMR signal that is split into two peaks. 

an ММК signal that 15 split into four peaks of approximately equal height. A dou- 
blet of doublets is caused by splitting a signal into a doublet by one hydrogen and 
into another doublet by another (nonequivalent) hydrogen. 


farther to the left-hand side of the spectrum. 


the magnetic field that a nucleus "senses" through the surrounding cloud of 
electrons. 


two hydrogens bonded to a carbon that is bonded to two other groups that are 
nonidentical. 


a technique in which all the nuclei are excited simultaneously by an rf pulse, their 
relaxation monitored, and the data mathematically converted to a frequency spectrum. 


geminal coupling 


gyromagnetic ratio 


HETCOR spectrum 


high-resolution ММВ 
spectroscopy 


ІН NMR 
long-range coupling 
magnetic resonance 
imaging (MRI) 
methine hydrogen 
MRI scanner 
multiplet 
multiplicity 


N + 1гше 


ММК spectroscopy 


operating frequency 


prochiral carbon 


pro-R-hydrogen 


pro-S-hydrogen 


proton-coupled 


PC NMR spectrum 


proton exchange 
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the mutual splitting of two nonidentical protons bonded to the same carbon. 


the ratio of the magnetic moment of a rotating charged particle to its angular 
momentum. 


a 2-D NMR spectrum showing '°C-'H correlations. 


NMR spectroscopy that uses a spectrometer with a high operating frequency. 


nuclear magnetic resonance from hydrogen nuclei. 

splitting by a proton more than three o bonds away. 

NMR used in medicine. The difference in the way water is bound in different 
tissues produces the signal variation between organs as well as between healthy 
and diseased states. 

a tertiary hydrogen. 

an NMR spectrometer used in medicine for whole-body NMR. 

an NMR signal split by two (or more) nonequivalent sets of protons. 

the number of peaks in an NMR signal. 

a rule that states that an 'H NMR signal for a hydrogen with N equivalent hydro- 
gens bonded to an adjacent carbon is split into М + 1 peaks; a proton-coupled 
PC NMR signal for a carbon bonded to N hydrogens is split into N + 1 peaks. 
the absorption of rf radiation by nuclei in an applied magnetic field to determine 
the structural features of an organic compound. In the case of ЇН NMR spectros- 
copy, it reveals the carbon-hydrogen framework. 


the frequency at which an NMR spectrometer operates. 


a carbon (bonded to two hydrogens) that will become an asymmetric center if one 
of the hydrogens is replaced by deuterium. 


replacing this hydrogen with deuterium creates an asymmetric center with the R 
configuration. 


replacing this hydrogen with deuterium creates an asymmetric center with the $ 
configuration. 


а PC NMR spectrum in which each signal for a carbon is split by the hydrogens 
bonded to that carbon. 


the transfer of a proton from one molecule to another. 
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quartet 


reference compound 


rf radiation 


shielding 


singlet 

spin-spin coupling 
a-spin state 
B-spin state 
splitting diagram 
(splitting tree) 


triplet 


upfield 
X-ray crystallography 


X-ray diffraction 
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an NMR signal that is split into four equally spaced peaks with an integral ratio of 
1:3:3:1. 


a compound added to the sample whose NMR spectrum is to be taken. The position 
of the signals in the NMR spectrum are measured from the position of the signal 
given by the reference compound. 

radiation in the radiofrequency region of the electromagnetic spectrum. 

the electrons around a proton shield the proton from the full effect of the applied 
magnetic field. The more a proton is shielded, the farther to the right its signal 
appears in an NMR spectrum. 

an unsplit NMR signal. 

the splitting of a signal in an NMR spectrum described by the N + 1 rule. 


nuclei in this spin state have their magnetic moments oriented in the same direction 
as the applied magnetic field. 


nuclei in this spin state have their magnetic moments oriented opposite to the direction 
of the applied magnetic field. 


a diagram that describes the splitting of a set of protons. 

an NMR signal that is split into three equally spaced peaks with an integral ratio of 
1:21. 

farther to the right-hand side of the spectrum. 

a technique used to determine the arrangement of atoms within a crystal. 


a technique used to obtain images that are used to determine the electron density 
within a crystal. 
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Solutions to Problems 


mer 
2т 0 
_ 26.75 X ЛО rad T! sec™! x LOT 
2(3.1416) rad 
= 43 X 106 sec! 
= 43 X 10°Hz = 43 MHz 
y 
= —B 
а d ст 9 h 
у X 27 
Bo = 
y 
360 x 10° x 2(3.1416) 
Bo = 7 
26.75 X 10 
226.2 
Ву = = 
26.75 
By = 8.46T 


__ уХ2т 
j y 
500 x 10° x 2(3.1416) 
Bo = 7 
26.75 X 10 
314.2 
Ву = == 
26.75 
By = 11.75T 


From these calculations, you can see that the greater the operating frequency of the instrument (360 MHz 
versus 500 MHz), the more powerful the magnet (8.46 T versus 11.75 T) required to operate it. 


ANN сү 266 Лү 


рор» 
We — N 
тоз го 
WwW Re 


A would give two signals, B would give one signal, and C would give three signals. 


H Cl Cl H 


All the Hs are Тһе Hs attached to the front 

equivalent. of the molecule are equivalent, 
and the methylene Hs are 
equivalent. 


me Р 
Wn 4 Сл 


С1 Cl 
The Hs attached to the 
front of the molecule are 
equivalent, and the methylene 
Hs are not equivalent. 


SEBS 
U + оо 
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downfield from TMS in Hertz 
operating frequency in Megahertz 


chemical shift in ppm = 


2 x Hz b. 2 x Hz 
a. m = ——— É = 
PPM — 300 MHz ppm — 500 MHz 
x = 600 Hz x = 1000 Hz 
600 Hz 
es 
300 Mie "^ Pp 


b. The answer would still be 2.0 ppm because the chemical shift is independent of the operating frequency 
of the spectrometer. 


c. ШЕ: 220 = 2.0 ppm 
500 MHz 
x = 1000 
1000 Hz downfield from TMS 


a. The chemical shift is independent of the operating frequency. Therefore, if the two signals differ by 
1.5 ppm in a 300-MHz spectrometer, they will still differ by 1.5 ppm in a 100-MHz spectrometer. 


Hz 
b. MH; ppm 
90 Hz 
300MHz 9" PPm 
x Hz 
500 MHz 03 РР 
x = 150 Hz 


They differ by 150 Hz. 


Magnesium is less electronegative than silicon. Therefore, the peak for (CH4);Mg would be upfield 
from the TMS peak. 


a. and b. 
О 
1.  CH3CH;CH;CI 2. CHSCHCOCH, 3. СЊСНСНВг 
P | ИА pns 
most least most least most least 
shielded shielded shielded shielded shielded shielded 


12. 


13. 


14. 


15. 


16. 
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Recall that the highest frequency signal is the one that is farthest to the left on the spectrum. The proton(s) 
that is underlined in the answer gives the higher frequency signal. 


а. CH;CHCHBr с. кышын e. CH3CH;CH = CH5 
| | 
Br Br Cl 
О 
b. CH3CHOCH; d. чын CH,CH; f. CH30CH CH 2CH3 
CH; CH; 
О 
а. CH3CH2CH2Cl b. D с. СЊСН, H 
CI 
| | 
a b „С. с a b dba ab d c с 
а. CHCH; СН d. СН3СН›СНСН›СН3 g CH,CH,CH; “Сн, 
OCH; 
с 
| 
а с e b а b с Бе + а a bd с 
b. ыы e. СН;СН,СН; ОСН» h. CH;CHCH;OCH; 
| 
ОСНз CH; 
d a 
Cl 
b a b а c d eb . а cld b 
€. CICH;CH;CH;CI f. с i. CH3CHCHCH; 
| 
CH; CH; 
b a 


From the direction of the electron flow around the benzene ring pictured in Figure 6, you can see that the 
magnetic field induced in the region of the hydrogens that protrude out from the compound shown in this 
problem is in the same direction as the applied magnetic field, whereas the magnetic field induced in the 
region of the hydrogens that protrude into the center of the compound is in the opposite direction of the ap- 
plied magnetic field. 


Thus, the signal at 9.25 ppm is for the hydrogens that protrude out because they need a higher frequency 
to come into resonance due to the fact that they sense a larger effective magnetic field since the induced 
and applied magnetic fields are in the same direction. The signal at —2.88 ppm is for the hydrogens that 
protrude inward, because a smaller frequency is necessary since the induced magnetic field and the applied 
magnetic field are in opposite directions. 


Each of the compounds would show two signals, but the ratio of the integrals for the two signals would be 
different for each of the compounds. The ratio of the integrals for the signals given by the first compound 
would be 2:9 (or 1:4.5), the ratio of the integrals for the signals given by the second compound would be 
1:3, and the ratio of the integrals for the signals given by the third compound would be 1:2. 
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17. 


18. 


19. 


20. 


21. 


22. 
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Solved in the text. 
The heights of the integrals for the signals in the spectrum shown in Figure 10 are about 3.5 and 5.2. The 


ratio of the integrals, therefore, is 5.2/3.5 = 1.5. This matches the ratio of the integrals calculated for B. 
(Later we will see that a signal at ~7 ppm is characteristic of a benzene ring.) 


HC=C / \ C=CH CICH> - 6M CH;CI 
4 CH; CH; 4 _ ВСН CHBr 
x 2 d^ 1.0 


=з 


BID 


The signal farthest downfield in both spectra is the signal for the hydrogens bonded to the carbon that is 
also bonded to the halogen. Because chlorine is more electronegative than iodine, the farthest downfield 
signal should be farther downfield in the ЇН NMR spectrum for 1-chloropropane than in the ЇН NMR 
spectrum for 1-iodopropane. Therefore, the first spectrum in Figure 2 is the ЇН NMR spectrum for 1-10- 
dopropane, and the second spectrum in Figure 12 is the ІН NMR spectrum for 1-chloropropane. 


C is easiest to distinguish because it will have two signals, whereas A and B will each have three signals. 
A and B can be distinguished by looking at the splitting of their signals. 


The signals in the 'H NMR spectrum of A will be (left to right across the spectrum): triplet, triplet, 
multiplet. 


The signals in the 'H NMR spectrum of B will be (left to right across the spectrum): doublet, multiplet, 
doublet. 


The signal at 12.2 ppm indicates that the compound is a carboxylic acid. From the molecular formula and 
the splitting patterns of the signals, the spectra can be identified as the 'H NMR spectrum of: 


О 
|| 


C 
a. CH;CH~ ^он b. асњсњ“ “он 


a. A triplet is caused by coupling to two equivalent protons on an adjacent carbon. The two protons can 
be aligned in three different ways: both with the field, one with the field and one against the field, or 
both against the field. That is why the signal is a triplet. There is only one way to align two protons that 
are with the field or two protons that are against the field. However, there are two ways to align two 
protons if one is with and one is against the field: with and against or against and with. Consequently, 
the peaks in a triplet have relative intensities of 1:2:1. 


tf ot d 
| 


NMR Spectroscopy 


b. A quintet is caused by coupling to four equivalent protons on adjacent carbons. The four protons can 
be aligned in five different ways. The following possible arrangements for the alignment of four pro- 
tons explain why the relative intensities of a quintet are 1:4:6:4:1. 


"n ААА AA A 
Y Nw Wy 
AAJA AA A 
' YY ul 
AJAA AJA A 
Y vy Wily 
ААА AJA A 
у viv ИД 
АА 
YY 
Ad 
тт 
23. a. three signals b. three signals €. 
CH3CH;CH;CH;CH;CHs ICH;CH;CH3Br 
triplet | triplet triplet | triplet 
multiplet multiplet 
24. 


|| 


two signals d. three signals 
С1СН»СН»СН»С1 1СН»СН»СНВг» 
triplet triplet | triplet 
quintet multiplet 


Each compound will have two doublets. In addition, A will have two doublet of doublets, B will have one 


doublet of doublets and a singlet, and C will have no other signals. 


| МО» МО» | МО» 
Вг I Br 
A Br B C 


four signals 


(two doublets and 


two doublets of 


doublets) 
Br 
ala b a b 
25. са BrCH,CH,CH)Br 
Br 
one signal two signals 
a singlet a quintet (a) and 


a triplet (b) 


four signals 


singlet, and one 


(two doublets, one 


two signals 
(two doublets) 


doublet of doublets) 
Br ү 
| 
CH3CH;CHBr CH3CHCH3Br 
a b c a c b 


three signals 


two triplets (a and c) 
and a multiplet (b) 


three signals 


two doublets (a and b) 
and a multiplet (c) 
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The signal at ~7.2 ppm indicates the presence of a benzene ring. The integrations shows that the ring 
has a single substituent; thus the ring has a formula of C6H5. Subtracting СН; from the molecular 
formula of the compound (CoH), — C6H5) gives a substituent with a formula of C4H;. The triplet at 
70.9 ppm that integrates to 3 protons indicates a methyl group adjacent to a methylene group. The 
identical integration of the signals at 1.6 ppm and 2.6 ppm indicates two methylene groups. Thus, the 


compound is propylbenzene. 
K њене, 


The triplet that integrates to 3 protons and the quartet that integrates to 2 protons indicate a CHCH, 
group bonded to an atom that is not bonded to any hydrogens. The molecular formula of С5Н 0 indi- 
cates that the compound is diethyl ketone. 


О 
| 
„С “М 
CH;CH; CHCH; 


The signals between ~7 and 8 ppm that integrate to 5 protons indicate the presence of a monosubsti- 
tuted benzene ring. Subtracting CH; from the molecular formula of the compound (СоН/ О» = C¢Hs) 
shows that the substituent has a formula of C4H5O;. 


The triplet that integrates to 3 protons and the quartet that integrates to 2 protons suggest a CHCH, 
group bonded to an atom that is not bonded to any hydrogens. Therefore, we can conclude that the 
compound is one of the following: 


О 
.|| 


O 
IP Г) 
g COCH CH, ог OCCH2CH3 


A B 


The substituent attached to the benzene ring in compound A withdraws electrons from the ring, 
whereas the substituent attached to the benzene ring in compound B donates electrons into the benzene 
ring. That one of the peaks of the benzene ring signal is at a higher frequency (farther downfield) than 
usual (>8 ppm) suggests that an electron-withdrawing substituent is present on the benzene ring. This 
is confirmed by the signal for the CH, group at 4.3 ppm, indicating that the methylene group is adja- 
cent to an oxygen. Thus, the spectrum is that of compound A. 


27. 


28. 


29. 
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5 
| h 
q 5 а 
"| | =с^ 
с с=с 
a. CH3CH2CH2CH3 b. BrCH,CH,Br 
H cl 
(Remember that equivalent 
hydrogens do not split 
1 d each other's signal.) 
| The H on C-2 will not be split by the H on C-3, Cl Cl 
d because they are equivalent. The Hs on C-6 N д 
do 3 will not be split by the Hs on C-5, because e. y = E 
5 Л the Hs оп С-5 and C-6 are equivalent. $—H H 
t m tO s qun m t d mt 
box vil y rity 
f. CH;CH;CH;CCH; g. ш h. TT НЕН 
Cl СНз СН; 
аоға а а S 
d а і 5 } 
| } у } 
i ын <t J. CH; ОСН; k. CH; CH3 
Br \ 
d 
d Br dofd 
і іу 
1 t— <— 58 m. t— ( \- NO; 
Br 
i i 
[ 
а. CH3;0CH,CH,OCH; b. There are three possibilities: c. HC CH 


О О 
| | 


О CH; 
CH3CCH;CH;CCH; С Т 
CH3;0CH,C=CCH,0CH; 
[e CH; 
Each spectrum is described going from left to right. 
а. BrCH;CH;CH;CH;Br 


triplet triplet (This triplet will not be split by the adjacent equivalent protons.) 


b. two triplets (close to each other) singlet multiplet 
(The table “ЇН NMR Chemical Shifts" in the Study Section of Mastering indicates that a methylene 
group adjacent to an RO and a methylene group adjacent to a Br appear at about the same place.) 

c. singlet (Equivalent Hs do not split each other's signals.) 
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30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 
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doublet multiplet doublet 
triplet quintet 


quintet, multiplet, multiplet 


d. quartet singlet triplet k. doublet doublet of septets doublet 

e. three singlets 1. triplet singlet quintet 

f. three doublets of doublets m. singlet 

g. quartet triplet n. singlet (Equivalent Hs do not split each other's signals.) 
h. singlet quartet triplet о. singlet 

i. p. 

1. 


There is no coupling between H, апа H,, because they are separated by four с bonds. (Unless the sample is 
pure and dry, a proton bonded to an oxygen is not split and does not split other protons.) 
There is no coupling between Нь and H,, because they are separated by five с bonds. 


The two singlets in the ЇН NMR spectrum that each integrate to 3 protons suggest two methyl groups, one 
of which is adjacent to an oxygen. That the benzene ring protons (6.7— 7.1 ppm) consist of two doublets 
(each integrating to two hydrogens) indicates a 1,4-disubstituted benzene ring. The IR spectrum also indi- 
cates a benzene ring (1600 and 1500 ст!) with hydrogens bonded to sp? carbons and no carbonyl group. 
The absorption bands in the 1250—1000 cm™! region suggest there are two C-O single bonds, one with no 
double-bond character and one with some double-bond character. 


сњо (сњ 


а. А b. Вапар 
Solved in the text. 
Solved in the text. 


The OH proton of a carboxylic acid is more deshielded than the OH proton of an alcohol as a result of 
electron delocalization that decreases the electron density around the OH proton. In addition, the extent 
of hydrogen bonding affects the chemical shift of a proton bonded to an oxygen. Carboxylic acids exist as 
tightly hydrogen-bonded dimers; this strongly deshields the OH proton. 


О де 

Ч | 

rN, Ca versus R—O—H 
R б—н R^ ^Ó—H 


The greater the extent of hydrogen bonding, the greater the chemical shift. Therefore, the 'H NMR spectrum 
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37. The greater the extent of hydrogen bonding, the greater the chemical shift. Therefore, the 'H NMR spectrum 
of pure ethanol would have the signal for the OH proton at a greater chemical shift because it would be 
hydrogen bonded to a greater extent. 


E. ———— 


38. ROH + :ОН RO: + H--ÜH 


39. Figure 31 is the 'H NMR spectrum of propanamide. Notice that the signals for the N-H protons are unusu- 
ally broad. Because of the partial double-bond character of the C-N bond, there is no free rotation about the 
C-N bond, so the two N-H protons are not chemically equivalent. The quartet and triplet are characteristic 


of an ethyl group. 
О: O: 
С | 
„© = e t 
CH3CH; |, СН»СН2 N—H 
: н 
40. а. 1. 3 4. 4 7. 3 
2. 3 5. 3 8. 3 
3. 2 6. 4 9. 2 


b. Ап arrow is drawn to the carbon that gives the signal at the lowest frequency. 


O 


у | H.C. СН, 
1. _ СЊСНСНВг 4. сњсњ“ “OCH, н E 
3 


О 
НзС H С CH 
2. `с=с 5. CHCH “н 8. ce и у 
К, м A | | А 


H3C H CH, О 
С1 
н н 
ot ,Br 
3. ннн 6. 9. JTS 
Br H x H H | H 
H 
41. Each spectrum is described going from left to right: 
1. triplet triplet quartet 3. doublet quartet 5. doublet doublet quartet 
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42. МО» МО» МО; 
МО; 
МО; 
МО» 
а. 'HNMR two signals three signals one signal 
b. PCNMR three signals four signals two signals 
43. a. The signal at 210 ppm is for the carbonyl carbon of a ketone. There are 10 other carbons in the 


compound but only 5 other signals. That suggests the compound is a symmetrical ketone with 
identical five-carbon alkyl groups. 


О 
| 
РА C Si 
CH4CH;CH;CH;CH; CH;CH;CH;CH;CHs 


b. Because there are only four signals for the six carbons of the benzene ring (the signals between 110 
and 117 ppm), the compound must be a 1,4-disubstituted benzene with two different substituents. 


»- \- CHCH; 


c. The signal at 212 ppm is for the carbonyl carbon of a ketone. There are five other carbons in the com- 
pound but only three other signals. This suggests the compound is a symmetrical cyclic ketone. 


Өх 


d. The molecular formula indicates the compound has one double bond or one ring. The presence of a 
signal at 130 ppm shows the presence of sp” carbons; thus, the compound must have a double bond. 
Each of the two sp” carbons must be bonded to the same groups, because the six carbons exhibit only 
three signals. Whether the compound is cis-3-hexene or trans-3-hexene cannot be determined from the 
spectrum. An 'H NMR spectrum could distinguish the compounds because the coupling constant for 
trans protons is greater than the coupling constant for cis protons. 


CH4CH;CH = CHCH;CH; 


44. O 
b d| c a 
CH4CHCCH;CH; 
| 
CH; 
b A 
B 


If the triangles shown above are drawn on the spectrum in Figure 41, you will be able to easily identify the 
coupled protons. 


Point A shows that the a protons are split by the c protons. 
Point B shows that the b protons are split by the d protons. 
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45. Cross peak X tells you that the hydrogens that produce the signal at ~ 1.0 ppm in ће ЇН NMR spectrum are 
bonded to the carbon that produces the signal at ~ 19 ppm in the C NMR spectrum. 


46. a. 


Aw es 
ANN 


47. The H, proton will be split into a quartet by ће H, protons and into a doublet by ће H, protons. 


a. b. 
Joa Soa 
The Joe 
five peaks (a quintet) eight peaks (a doublet of quartets) 
5 
d septet d septet t m t " | 
| Мр | oth 
а b ђ е | а с а b | 
48. a. CH3;CHNO, с. пшн CH,CH,CH, е. СІСН,ССНСІ, 
с 
СН; СН; CH; Ns 
a b a 
t mt 5 t p 5 t m quintet 
NEN Ее. | 
a bd с а ђ с Д а с b a b c 
b. CH4CH;CH;OCH; d. CH,CH,CH, CH,Cl f. CICH;CH;CH;CH5CH5CI 
49. a. The spectrum must be that of 2-bromopropane, because the NMR spectrum has two signals and 
the lowest frequency (farthest upfield) signal is a doublet and the other signal is given by a single 
hydrogen. 


b. The spectrum must be that of 1-nitropropane, because the NMR spectrum has three signals and both 
the lowest frequency (farthest upfield) and highest frequency (farthest downfield) signals are triplets. 


с. The spectrum must be that of ethyl methyl ketone, because ће NMR spectrum has three signals and 
the signals are a triplet, a singlet, and a quartet. 
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By dividing the value of the integration steps by the smallest one, the ratios of the hydrogens are found to 
be 3:2:1:9. 
40.5 27 13 118 
—— =31 —=21 —=1 ——=91 
13 13 13 13 
Because the ratios are given in the highest frequency to lowest frequency direction, a possible compound 
could be the following ester: 


ть О 
| 
СН.С— CHCOCH; 


| 
CH; CH;CI 


a. т 9 ~ апа 


four signals 


a ч 


two signals 


b. Вр ми Вг апа 


two signals 


Br~ ~~ “NO, 


three signals 


СН» | T 
| 
с. CH3CH — CHCH3 and CH3CCH;CH3 
two signals UM 


three signals 


CH; | осњ 

| 
д. ш — СОСН» апа ые 
СН» ОСН» 


two signals with 
integration 3:1 


two signals with 
integration 1:1 


е. CH30 - > CHCH; 


the singlet would be at a higher 
frequency than the quartet 


t С) - g 


two signals three signals 


and cu > ОСЊСНз 


the quartet would be at a higher 
frequency than the singlet 


g. ш апа а 
СН» СН» 
two signals one signal 


52. 


53. 


54. 


55. 


56. 
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and 


Cl 


the lowest frequency signal would be a doublet 


H H 
i. and 


с а 
three signals 


j. CH; 202 M and 


the signals for the benzene ring protons 
plus two signals with integration 3:1 


the lowest frequency signal would be a singlet 


H Cl 


Cl dH 
two signals 


i 
CH; 


the signals for the benzene ring protons 
plus two signals with integration 4.5:1 


a. Chemical shift in ppm is independent of the operating frequency. 
b. Chemical shift in hertz is proportional to the operating frequency. 
c. The coupling constant in hertz is independent of the operating frequency. 
d. The frequency required for NMR spectroscopy is lower than that required for IR spectroscopy, which 
is lower than that required for UV/Vis spectroscopy. 
a. СН;СН,СНВг b. CH3CH2,CH»2CH2Br с. кыы 
СН» СН» 
1. 5 2. 3 3. 4 4. 3 5. 4 6. 4 
b. 1. 5 2.4 3. 3 4. 3 5. 3 6. 3 
О 
CH; Br | 
| | ees 
a. ee b. CHCH; с. CH;CH; OCH;CH; 
Br 


The singlet at 210 ppm indicates the carbonyl group of a ketone. The splitting of the other two signals 
indicates an isopropyl group. The molecular formula indicates that the compound must have two iso- 


propyl groups. 


О 
|| 


C 
сн Е 


СН; 


СН; 
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i 
ee CH3CHCH5CH; 
| 
Cl а 
tert-butyl chloride sec-butyl chloride 
Compound A Compound B 
O О О 
| CH3 | | 
ex, | зр gos, 
a. CH; ти b. CH3CH СЊСЊСНза с. “је ee 
| 
СН» CH; СН» СН» 
н 
HC „СНз CH; 
СЊСЊСН = CH) р. = e CHC = СН, 
H H 
1-butene cis-2-butene 2-methylpropene 


It would be better to use ^C NMR, because you would have to look only at the number of signals in 
each spectrum: 1-butene will show four signals, cis-2-butene will show two signals, and 2-methylpropene 
will show three signals. (In the 'H NMR spectrum, 1-butene will show five signals, and cis-2-butene and 


2-methylpropene will both show two signals.) 


О О О 
| | | 
were С Ри 
CH3CH5 ОСН; СН» OCH2CH3 H ОСН»СН»СН» 
А B С 
three signals three signals four signals 
singlet, quartet, triplet singlet, quartet, triplet singlet, triplet multiplet, 
(singlet farthest downfield) (quartet farthest downfield) triplet 


H^ »осноњ 


three signals 


singlet, septet 
doublet 


C can be distinguished from A, B, and D, because C has four signals and the others have three signals. 


D can be distinguished from A and B, because the three signals of D are a singlet, a septet, and a doublet, 


whereas the three signals of A and B are a singlet, a quartet, and a triplet. 


A and B can be distinguished, because the highest frequency signal in A is a singlet, whereas the highest 


frequency signal in B is a quartet. 


It is ће ЇН NMR spectrum of tert-butyl methyl ether. 


inn r 
CH3Br + ш. —0O- СНС — OCH; 
| 
CH3 СН» 


tert-butyl methyl ether 
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О 
| 
С 
а. CH3CH,CH,CH,OCH; c. СЊСН OCH; 
| 
Cl 
О О 
CH; || | 
b. CH3C ОСН; d. CH;CH;CH; OH 
| 
СН» 
‘i 26 36 
rm ds b. 24 OH 
a. 19 70 . 


The numbers indicate the ppm value of the signal given by that carbon. 


The broad signal at ~2.9 ppm is for the H, proton that is bonded to the oxygen. The signal for the Н, pro- 
tons at ~4.2 ppm is split into a doublet by the H, proton. The H, proton and the На proton are each split by 
the H, proton; the coupling constant is greater for the trans protons. Thus, the H, proton is at ~5.1 ppm and 
the На proton is at ~5.3 ppm. The H, proton at ~6.0 ppm is split by the H, protons and by the H, proton 
and the На proton. 


c e 
H H 

^c =C 

/ N 
H СЊОН 
а b a 


In the 6.5-8.1 ppm region, each compound will have two doublets. In addition, A will have two doublet of 
doublets, B will have one doublet of doublets and a second singlet, and C will have no other signals. 


OCH3 OCH; OCH3 
КО; 
КО; с 
А В МО» 
In the 6.5-8.1 ppm region: four signals four signals two signals (two 
(two doublets and (one singlet, doublets) 
two doublets of doublets) two doublets, and 


one doublet of doublets) 


The signals at ~7.2 ppm indicate that the compounds whose spectra are shown in parts a and b each 
contains a benzene ring. From the molecular formula, you know that each compound has five additional 
carbons. 
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a. The integration of the benzene ring protons indicate that the ring is monosubstiuted. The hydrogens 
bonded to the five additional carbons in part a must all be accounted for by two singlets with integral 
ratios of ~2:9, indicating that the compound is 2,2-dimethyl-1-phenylpropane. 


i 
ez CH;CCH; 
| 
2,2-dimethyl-1-phenylpropane 


b. The two singlets in the spectrum in part b have integral ratios of ~1:3, indicating a methyl substituent and a 
tert-butyl substituent. The integration of the benzene ring protons indicate that the ring is 1,4-disubstituted. 
Thus, the compound is 1-ert-butyl-4-methylbenzene. 


| 
== = CCH 


СН» 
1-tert-butyl-4-methylbenzene 


Joc 
67. 
Joa 
five signals 
68. Oxygen is more electronegative than chlorine. 
a. b a с 
РА я b CICH;?CH;0H 


VW nim M 


triplet doublet triplet 
of 
triplets 


-<——— frequency 


Ahh 


singlet triplet triplet 


-<——— frequency 
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а b 
CICH,CH,0H 


А 


-<——— frequency 


-<——— frequency 


СН» carbons 


CH) carbons | | 


CH carbons 


all carbons | | 


If addition of HBr to propene follows the rule that says that the electrophile adds to the sp” carbon that is 
bonded to the most hydrogens, the product of the reaction will give an NMR spectrum with two signals (a 
doublet and a septet). If addition of HBr does not follow the rule, the product will give an NMR spectrum 
with three signals (two triplets and a multiplet). 


Br 
| 
СНзСН—=<СН› + HBr > CH3CHCH3 CH3CH;CH3Br 
follows the rule does not follow the rule 
two signals three signals 


О O 
a. e b. Ae © ad а. gs 


Bromomethane gives a signal at 2.7 ppm for its three methyl protons, and 2-bromo-2-methylpropane gives 
a signal at 1.8 ppm for its nine methyl protons. If equal amounts of each were present in a solution, the 
ratio of the hydrogens (and, therefore, the ratio of the relative integrals) would be 3:1. Because the relative 
integrals are 1:6, there must be an 18-fold greater concentration of bromomethane in the mixture. 
3:x = 1:6 
x = 18 
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hy 
72. ДЕ = ћу = —Bo 
2т 


Given: Planck’s constant = h = 6.626 x 10 3 Js 
Іса! = 4.184] 
300 MHz = 7.046 T 
yfor!H = 2.675 x 10° T's"! 


h 
Ag = 28, 
277 
626 x 10 > Js х 2.675 x 105 T's! 1 cal 
_ 6.626 0 "Js 675 0 $ x 14092 T x ca 
2(3.1416) 4.184 J 
= 9.50 X 10726 cal 
73. All four spectra show a singlet at ~2.0 ppm, suggesting they are all esters with a methyl group attached to 
the carbonyl group. Now the problem becomes determining the nature of the group attached to the oxygen. 
О 
Ц 
Z/N 
CH3 O—R 


a. The highest frequency signal in the first spectrum is a triplet that integrates to 2 protons, indicating that a СН» 
group is attached to the oxygen and is bonded to another CH, group. The lowest frequency signal is a triplet 
that integrates to 3 protons, indicating a methyl group that is attached to a CH, group. The presence of two 
multiplets that each integrate to 2 protons confirms the structure. 

(0) 
| 
Z/N 
CH3 O — CH2CH2CH2CH3 


b. The highest frequency signal in the second spectrum is a multiplet that integrates to 1 proton, indicating 
that the carbon attached to the oxygen is attached to one proton and two nonequivalent carbons bonded 
to hydrogens. The lowest frequency signal is a triplet that integrates to 3 protons, indicating a methyl 
group attached to a CH, group. The doublet at ~ 1.2 ppm that integrates to 3 protons is due to a methyl 
group attached to a carbon bonded to one hydrogen. 


О 
| 
м 
CH о. 
СН» 

c. The highest frequency signal is a doublet that integrates to 2 protons, indicating that the methylene 
group that is attached to the oxygen is attached to a carbon bonded to one hydrogen. The lowest fre- 
quency signal that integrates to 6 protons indicates two equivalent methyl groups that are attached to a 
carbon bonded to one hydrogen. 


AON 
СН» O —CH»,CHCH3 


| 
CH; 
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d. The group attached to the oxygen in the fourth spectrum has only one kind of hydrogen. The carbon 


attached to the oxygen is not bonded to any hydrogens, because there is no signal at ~ 4.0. 


j 
СН; 
А | 
СНз o= Tm 
СН» 
СН» СН» 
| HBr | 
СНзСНСНСН; Iw i СЊСЊССНз 
| | 
OH Br 
compound A compound B 


The IR spectrum indicates that the compound is a ketone. The molecular formula shows there are 
12 hydrogens in the compound. Therefore, the signals in the NMR spectrum are due to 2, 4, and 6 
protons. The doublet in the NMR spectrum at ~ 0.9 ppm that integrates to 6 protons suggests an isopro- 
pyl group. There is a singlet at ~2.1 ppm on top of a multiplet, which is due to the methine proton of 
an isopropyl group plus a three-hydrogen singlet for a methyl group adjacent to the carbonyl carbon. 
The doublet at ~2.2 ppm that integrates to 2 protons suggests a СН, group adjacent to the carbonyl 
group that couples to an adjacent methine proton. Knowing that the compound contains six carbons 
helps in the identification. 


О 


AA 


The IR spectrum indicates that this oxygen-containing compound is not a carbonyl compound or an 
alcohol; the absorption band at ~ 1000 стг! suggests that it is an ether. The doublet at ~ 1.1 ppm in 
the 'H NMR spectrum that integrates to 6 protons and the septet that integrates to 1 proton indicate an 
isopropyl group. Since there are no other signals in the NMR spectrum, the compound must be a sym- 
metrical ether. The compound is diisopropyl ether. 


ДА 


The IR absorption band at ~ 3400 cm! indicates the compound is an alcohol. The two doublets in the 
ІН NMR spectrum at 7.3 and 8.1 ppm that integrate to 4 protons indicate a 1,4-disubstituted benzene 
ring with a strongly electron-withdrawing substituent. The two triplets that each integrate to 2 protons 
and the two multiplets that each integrate to 2 protons indicate that the four-carbon substituent is not 
branched. The broad signal at 2.1 ppm is due to the OH proton. 


КҮҮ 
O;N 
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d. The IR absorption bands at ~ 1700 and 2700 cm! indicate the compound is an aldehyde. The two 


doublets at ~7.0 and 7.8 ppm in the 'H NMR spectrum indicate a 1,4-disubstituted benzene ring. That 
none of the remaining NMR signals is a doublet suggests that the aldehyde group is attached directly 
to the benzene ring. The two triplets and two multiplets indicate an unbranched substituent. The triplet 
at ~4.0 ppm indicates that the group giving this signal is next to an electron-withdrawing group. 


О 


p UA О 


The IR absorption band at ~ 1730 cm! and the absence of an aldehyde С-Н stretch suggest the com- 
pound is a ketone. The signals in ће ЇН NMR spectrum are consistent with a CHYCH;CH;(C =O) 
group. That there are no other signals in the 'H NMR spectrum suggests it is a symmetrical ketone. 
The mass spectrum shows a molecular ion with m/z — 114; this is consistent with the ketone shown 
below. Also, the large fragments at m/z = 71 (M — propyl) and at m/z = 43 (a propyl cation) are 
consistent with the expected a-cleavage fragmentation. The fact that there are only three signals in the 
NMR spectrum suggests it is a symmetrical ketone. The splitting pattern confirms the structure. 


РО WE 
The M+2 peak at m/z = 156 in the mass spectrum indicates the compound contains chlorine; the IR spec- 
trum indicates it is a ketone; the NMR spectrum indicates it has a monosubstituted benzene ring. The singlet 
at ~4.7 ppm indicates that the CH, group giving this signal is in a strongly electron-withdrawing environ- 


ment. The major fragment ions at m/z = 105(M — CH;CI) and at m/z = 77 (СН; ) are consistent 
with the structure shown below. 


О 
С1 


The DEPT !?С NMR spectrum indicates that the compound has six carbons. The molecular formula shows that 
the compound has six carbons and an oxygen. The signal at 220 ppm suggests a ketone. The following ketones 
have the single CH; group, the single CH group, and the three CH, groups indicated by the DEPT spectrum. 
The highest frequency signals are а CH, group and а CH group, indicating that these are the groups attached to 
the carbonyl carbon. Thus, the compound on the right is responsible for the spectrum. 


O O О 
A Aa or P or pu 


There is a singlet for the three methyl groups that are attached to the quaternary carbon; the singlet is on 
top of the triplet for the other methyl group. The methylene group shows the expected quartet. 
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Practice Test 


How many signals would you expect to see in the 'H NMR spectrum of each of the following compounds? 


\ | 
C CH;CH;CHCH;CH C 
af 3 " 2 3 PS 
СЊСЊСЊ ‘СН; ei CH=CH H 
Cl 
yu. 
NO, 
(> 2 CH;3CHCH;CHCH; 
Cl 


Indicate the multiplicity of each of the indicated sets of protons. (That is, indicate whether it is a singlet, 
doublet, triplet, quartet, quintet, multiplet, or doublet of doublets.) 


| | 
/ 4 Н МО Ра ©. 
CH3CH5 CH5 | 2 СН+»СН» ОСН»СН» 


H H 
\ # 
Ро кыша CICH,CH,CH,OCH; 
H а CH, 
CH3OCH;CH;CH50CH; BrCH;CH;Br 


How could you distinguish the following compounds using ЇН NMR spectroscopy? 


Q—O 


gx EET FUN 
CH;  OCHCH, со. OCH, Н. `OCH,CH,CH; 


Indicate whether each of the following statements is true or false: 


a. The signals on the right of an NMR spectrum are deshielded compared to the 
signals on the left. T Е 


b. Dimethyl ketone has the same number of signals in its ЇН NMR spectrum as 
in its ^C NMR spectrum. T Е 
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c. Inthe 'H NMR spectrum of the compound shown below, the lowest frequency signal 
(the one farthest upfield) is a singlet and the highest frequency signal (the one farthest 


downfield) is a doublet. Т 
ON 202 CH, 
d. The greater the frequency of the signal, the greater its chemical shift in ppm. T 
5. For each compound: 


a. Indicate the number of signals you would expect to see in its 'H NMR spectrum. 

b. Indicate the hydrogen or set of hydrogens that would give the highest frequency (farthest downfield) 
signal. 

c. Indicate the multiplicity of that signal. 


| 
1. CH;CH,CH,Cl 2. CHCH COCH; 3. сън. 


Вг 


6. For each compound of Problem 5: 


a. Indicate the number of signals you would expect to see in its C NMR spectrum. 
b. Indicate the carbon that would give the highest frequency (farthest downfield) signal. 
c. Indicate the multiplicity of that signal іп a proton-coupled C NMR spectrum. 


Answers to Practice Test 


[e [e 
| | 
ZU JO 
1. СН.СН.СН, ‘СН; — CH4CH;CHCHoCH, — CH,—CH/ `H 
4 E 4 
с 
CH; CH; 
МО» | | 
CH4CHCH;CHCH; 
3 3 3 
CI 
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О 


| 
CH4CH;CCH4 H NO; 


О 


| 
СЊСЊСОСЊСНа = triplet 


quartet triplet кы CICH;CH5CH;OCH5 
H H | SEIS | 
doublet of pg SN Emi doublet multiplet 
doublets # LE N 
H CI СЊОСЊСЊСЊОСНз BrCH;CH5Br 
quintet singlet 


es 
CHCH; ОСН, 


3 signals 


Z N 
CH; OCH;CH; 
3 signals 


The signal at the highest 
frequency (farthest 
downfield) is a quartet. 


The signal at the highest 
frequency (farthest 
downfield) is a singlet. 


a. The peaks on the right of an NMR spectrum are deshielded compared to the peaks on the left. 


ZN 
H ОСН»СН»СН» 


4 signals 


b. Dimethyl ketone has the same number of signals in its ЇН NMR spectrum as іп its ЗС NMR 


spectrum. 


c. In the 'H NMR spectrum of the compound shown below, the lowest-frequency signal 
(the one farthest upfield) is a singlet and the highest-frequency signal (the one farthest 


ON - %- CH3 


d. The greater the frequency of the signal, the greater its chemical shift in ppm. 


downfield) is a doublet. 


O 


a. CH4CH;CH;CI b. CH4CH;COCH; 


triplet singlet 
3 signals 3 signals 
O 


| 
a. CH;CH;CH;CI b. CH3CH,COCH; 


3 signals 4 signals 


triplet singlet 


septet 
с. CH3CHCH3 
| 


Вг 
2 signals 


с. е 


Вг 
2 signals 


doublet 
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Important Terms 


absorption band 


auxochrome 


base peak 


Beer-Lambert Law 


bending vibration 
chromophore 

a-cleavage 
electromagnetic radiation 
electronic transition 


fingerprint region 


fragment ion peak 
frequency 

functional group region 
highest occupied molecular 
orbital (HOMO) 

Hooke’s law 

Amax 

infrared radiation 

infrared spectroscopy 


infrared spectrum 
(IR spectrum) 


a peak in a spectrum that occurs as a result of absorption of energy. 


a substituent that when attached to a chromophore alters the A,,,, and intensity of 
absorption of UV/Vis radiation. 


the peak in a mass spectrum with the greatest intensity. 


an equation that states the relationship between the absorbance of UV/Vis light, the 
concentration of the sample, the length of the light path, and the molar absorptivity. 


a vibration that does not occur along the line of the bond. 

the part of a molecule responsible for a UV or visible spectrum. 
homolytic cleavage of an alpha substituent. 

radiant energy that displays wave properties. 

promotion of an electron from its HOMO to its LUMO. 


the right-hand third of an IR spectrum (1400-600 ст '), where the absorption 
bands are characteristic of the compound as a whole. 


a positively charged fragment of a molecular ion. 
the velocity of a wave divided by its wavelength. 


the left-hand two-thirds of an IR spectrum (4000—1400 cm !), where most func- 
tional groups show absorption bands. 


the highest energy molecular orbital that contains electrons. 


an equation that describes the motion of a vibrating spring. 
the wavelength at which there is maximum UV/Vis absorbance. 
electromagnetic radiation familiar to us as heat. 


spectroscopy that uses infrared energy to provide a knowledge of the functional 
groups in a compound. 


a plot of relative absorption versus wavenumber (or wavelength) of absorbed 
infrared radiation. 


From Chapter 14 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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lowest unoccupied the lowest energy molecular orbital that does not contain electrons. 
molecular orbital (LUMO) 


mass spectrometry an instrumental technique that provides a knowledge of the molecular weight and 
certain structural features of a compound. 


mass spectrum a plot of the relative abundance of the positively charged fragments produced in a 
mass spectrometer versus their m/z values. 


McLafferty rearrangement of the molecular ion of a ketone that contains a y-hydrogen; the 

rearrangement bond between the а- and В-сагбопѕ breaks, and a y-hydrogen migrates to the 
oxygen. 

molar absorptivity the absorbance obtained from a 1.00 M solution in a cell with a 1.00 cm light path. 

molecular ion (M) the radical cation formed by removing one electron from a molecule. 

nominal molecular mass mass to the nearest whole number. 

radical cation a species with a positive charge and an unpaired electron. 

rule of 13 a rule that allows possible molecular formulas to be determined from the m/z value 


of the molecular ion. 


spectroscopy study of the interaction of matter and electromagnetic radiation. 

stretching vibration a vibration occurring along the line of the bond. 

ultraviolet light electromagnetic radiation with wavelengths ranging from 180 to 400 nm. 

UV/Vis spectroscopy the absorption of electromagnetic radiation that is useful in determining informa- 


tion about conjugated systems. 


visible light electromagnetic radiation with wavelengths ranging from 400 to 780 nm. 
wavelength distance from any point on one wave to the corresponding point on the next wave. 
wavenumber the number of waves in 1 cm. 
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Solutions to Problems 


1. Only positively charged fragments are accelerated through the analyzer tube. 
+ + + 
CH,CH,CH, [CH;CH,CH,] * CH,CH=CH, 
2. The peak at m/z = 57 will be more intense for 2,2-dimethylpropane than for 2-methylbutane or 


pentane. The peak at m/z = 57 is due to loss of a methyl radical: loss of a methyl radical from 
2,2-dimethylpropane forms a tertiary carbocation, whereas loss of a methyl radical from 2-те ћу шапе 
and pentane forms a less stable secondary and primary carbocation, respectively. 


+ 


T ` CH; 
| А 
кыен —— CH3CCH; + CH, 
CH 
| У т/с = 57 
2,2-dimethylpropane a tertiary carbocation 
+ 
СН» у + 
| CH3CHCH>CH; = CH 
CH3CHCH2CH3 
mlz = 57 
2-methylbutane a secondary carbocation 


+ + . 
CH3CH,CH CH ,CH3 СЊСЊСЊСНо + СН» 


pentane mlz = 57 
a primary carbocation 


Notice that the mass spectrum of 2-methylbutane can be distinguished from those of the other isomers 
by the peak at m/z = 43. The peak at m/z = 43 will be most intense for 2-methylbutane because such 
а peak is due to loss of an ethyl radical, which forms a secondary carbocation. Pentane gives a less in- 
tense peak at m/z = 43 because loss of an ethyl radical from pentane forms a primary carbocation. 
2,2-Dimethylpropane will not show a peak at m/z = 43, because it does not have an ethyl group. 


m 
СН; к |“ 


| ——— CHCH + СН.СН 
CH4CHCH;CH; TEM БЕН 


mlz = 43 
a secondary carbocation 


+ . 
СН3СН›СН› + СЊСН; 


mlz = 43 
a primary carbocation 


" 
| CH;CH;CH;CH;CH; à 
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Intense peaks should occur at m/z = 57 for loss of an ethyl radical (86 — 29), and at m/z = 71 for loss 
of a methyl radical (86 — 15). 


- + H 
m | la 
+ CHCH 
CH4CH;CHCH;CH; ка А 
| | mlz = 57 
a+ 
CH3 | + . 
| CH3CH2CHCH2CH3 + СН; 
CH3CH2CHCH2CH3 miz=71 


A secondary carbocation is formed in both cases. Because an ethyl radical is more stable than a methyl 
radical, the base peak will most likely be at m/z = 57. 


Solved in the text. 


a. Dividing 72 by 13 gives 5 with 7 left over. Thus, the base value is С5Н]›. Because the compound con- 
tains only carbons and hydrogens, we know that the base value is also the molecular formula of the 
compound. 

b. Dividing 100 by 13 gives 7 with 9 left over. Thus, the base value is СУН. Because the compound 
contains one oxygen, an O must be added to the base value and one C and four Hs must be subtracted. 
Therefore, the molecular formula is CgH,,0. 

c. Dividing 102 by 13 gives 7 with 11 left over. Thus, the base value is СУН. Because the compound 
contains two oxygens, two Os must be added to the base value and two Cs and eight Hs must be sub- 
tracted. Therefore, the molecular formula is СНО». 

d. Dividing 115 by 13 gives 8 with 11 left over. Thus, the base value is СаН о. Because the compound 
contains one oxygen, an O must be added to the base value and one C and four Hs must be subtracted. 
Because it contains an N, an N must be added to the base value and one C and three Hs must be sub- 
tracted. Therefore, the molecular formula is CgH,,NO. 


а. 1. 15 + (3 X 14) + 16 = 73 2. 16 + (3 X 14) + 16 = 74 

b. An alkane has ап even-mass molecular ion. If a СН» group (14) of an alkane is replaced by an NH 
group (15), or if a CH; group (15) of an alkane is replaced by an МН, group (16), the molecular ion 
will have an odd mass. 


A second nitrogen in the molecular ion will cause it to have an even mass. 
Thus, for a molecular ion to have an odd mass, it must have an odd number of nitrogens. 


с. Ап even-mass molecular ion either has no nitrogens or has an even number of nitrogens. 


a. Dividing 86 by 13 gives 6 with 8 left over. Thus, the base value is СеН а. 


If the compound contains only carbons and hydrogens, the base value is also the molecular formula of 
the compound. Some possible structures would be: 
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If the compound contains one oxygen, the molecular formula would be С;Н;0. Some possible struc- 
tures would be: 


О О О 
О 
If the compound contains two oxygens, the molecular formula would be С.НбО.. Some possible struc- 


tures would be: 
о О О 
О 
О О 


b. Because the compound has an even-numbered mass, we know that it does not contain a nitrogen atom. 


A hydrocarbon with molecular formula СНз has a molecular mass of 128. 


Since СН = С„Н»»„+2, we know that the hydrocarbon has no rings and по т bonds. The hydrocarbon is 
2,6-dimethylheptane. 


ү Hs qi СН. 
CH4CHCH;CH;CH;CHCH; CH3CH + CH,CH,CH,CHCH, 
m/z = 43 
сн, СН; 
CHCH + CH;CH;CH;CHCH; 
= + 
m/z = 85 
сн, сн, 
CH3CHCH, + CH;CH;CHCH; 
m/z = 57 
CH, СН» 


i 
CH4CHCH, + CH,CH,CHCH, 
s + 
m/z = 71 


2-Methyloctane would also be expected to give a base peak of m/z = 43 because it, too, will form a sec- 
ondary (isopropyl carbocation) together with a primary radical. All other cleavages that form primary radi- 
cals form primary carbocations. However, we would expect fragments with m/z = 29 and 99 to be present 
to the same extent as those with m/z = 57, 85, and 71. Because fragments with m/z = 29 and 99 are not 
mentioned, we can conclude that the hydrocarbon shown below is less likely than the one shown above. 


йш CH, 
CH,CHCH,CH,CH,CH,CH,CH, 


| : " 
CH;CHCH,CH,CH,CH, + CH,CH; 
m/z = 29 
СН» 


| + 
CH,CHCH;CH;CH;CH; + CH,CH; 
m/z = 99 
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9. The ratio is 1:2:1. 
To get the M peak, both Br atoms must be Вг. То get ће M+4 peak, they both must be *'Br. To get the 
M + 2 peak, the first Br atom can be ™Br and the second ?!Br, or the first can be ?! Br and the second ?! Br. 
So the relative intensity of the M+2 peak will be twice that of the others. 


M M+2 M+4 
"ву Бр 
Вг ®Вг вв, Br M Br Вг 
10. The calculated exact masses show that only СН д has an exact mass of 86.10955. 
CoHy4 6(12.00000) = 72.00000 C4H,O2 4(12.00000) = 48.00000 
14(1.007825) = 14.10955 6(1.007825) = 6.04695 
86.10955 2(15.9949) = 31.9898 
86.03675 
САН М» 4(12.00000) = 48.00000 
10(1.007825) = 10.07825 
2(14.0031) = 28.0064 
86.08465 
11. a. A low-resolution spectrometer cannot distinguish between them because they both have the same mo- 


lecular mass (29). 

b. A high-resolution spectrometer can distinguish between these ions, because they have different exact 
molecular masses; one has an exact molecular mass of 29.039125, and the other an exact molecular 
mass of 29.002725. 


12. Because the compound contains chlorine, the M+2 peak is one-third the size of the М peak. Breaking 
the weak C—Cl bond heterolytically and therefore losing a chlorine atom from either the M+2 peak 
(80 — 37) or the M peak (78 — 35) gives the base peak with m/z — 43 (CH4CH;CH; ). It is more dif- 
ficult to predict the other peaks. 


43 
8 
[= 
СЧ 
= 
[= 
ЕЈ 
К = 
Ss 
2 41 78 
я 27 
х 

29 80 

15 
| 
| | | | | | | | | | | 
20 40 60 80 100 120 


m/z 


Mass spectrum of 1-chloropropane 
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The dominant fragmentation pathway in each case is loss of an alkyl radical via a-cleavage to form a cat- 
ion in which the positive charge is shared by carbon and oxygen. 

The base peak at m/z = 73 (88 — 15), due to loss of a methyl radical, indicates that Figure 7a is the mass 
spectrum of 2-methoxy-2-methylpropane. 

The base peak at m/z = 59 (88 — 29), due to loss of an ethyl radical, indicates that Figure 7b is the mass 
spectrum of 2-methoxybutane. 


The base peak at m/z = 45 (88 — 43), due to loss of a propyl radical, indicates that Figure 7c is the mass 
spectrum of 1-methoxybutane. 


CH; 
CH3CCH3 CH3CH,CHCH, CH3CH;CH;CH;OCH; 
ОСН; ОСН; 
2-methoxy-2-methylpropane 2-methoxybutane 1-methoxybutane 
Е - ет - + 
R—CH,—OH —— Rca дн - В: + CH;—ÓOH 


The molecular ions with m/z = 86 indicate that both ketones have the molecular formula С5НуоО. Figure 
9a shows a base peak at m/z = 43 for loss of a propyl (or isopropyl) radical (86 — 43), indicating that 
it is the mass spectrum of either 2-pentanone or 3-methyl-2-butanone, since each of these has a propyl ог 
isopropyl group. The fact that the spectrum has a peak at m/z = 58, indicating loss of ethene (86 — 28), 
indicates that the compound has a y-hydrogen that enables it to undergo a McLafferty rearrangement. 
Therefore, the ketone must be 2-pentanone, since 3-methyl-2-butanone does not have a y-hydrogen. 


The fact that Figure 9b shows a base peak at m/z = 57 for loss of an ethyl radical (86 — 29) indicates that 
it is the mass spectrum of 3-pentanone. 


АП three ketones will have a molecular ion with m/z = 86. 


3-pentanone 2-pentanone 3-methyl-2-butanone 
рр к | 
86—29=57 86 – 41 = 43 86 – 41 = 43 


3-Pentanone will have а base peak at m/z = 57, whereas the other two ketones will have base peaks at 
m/z = 43. 
2-Pentanone will have a peak at m/z = 58 due to a McLafferty rearrangement. 


3-Methyl-2-butanone does not have any y-hydrogens. Therefore, it cannot undergo a McLafferty rear- 
rangement, so it will not have a peak at m/z = 58. 
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17. a. CH3CH;CH;CH;CH;0H 
F 
+ NxN [\+ a-cleavage è + 

СН3СН›СН›СН;— СН: — OH > СНзСН›СН›СН» + CH5—0H 

m/z = 88 m/z = 31 

H 
A e i " 
CH;CH;CHCH;CH, ~- OH CH43CH;CHCH;CH, + ЊО 
NI mlz = 70 
Ь. СН»СН»СНСН»СН»СН»СН» 


| 
:OH 


|- i 
Q-cleavage 


+ • 
сина c encmenenon. — — —— СНзСН»›СН»СН›СН = ОН + СЊСН 
С, m/z = 87 
OH 
m/z = 116 


Q-cleavage 


+ . 
CH4CH;CH—OH + CH4CH;CH;CH, 


CH,CH;CH Yt CH;CH;CH;CH; 
т/с = 59 


ques 
+». 


C СН›СН;СНСН›СН›СН;СН3 CH2CH2CHCH2CH2CH2CHs + НО 


a б m/z = 98 


CH4CH;CHCH;CHCH;CH; CH4CH;CHCH;CHCH;CH; + H20 
С - 


| IS 
(он / H mlz = 98 
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CH;CH; 
CH;CH;  — CCH/CHCHS 
CH; 
= e 


СЊСНз CH2CH3 


CH4CH;— Ò — CCH)CH,CH, CH;CH;—0: + «снн 
87 


CH; CH; 
m/z = 144 т/с = 99 
СН»СН» CH5CH; 
+. a-cleavage + . 
CH;CH; — Ó Į- CCH;CH;CH СНзСН›—О = CCH;CH;CH; + CH; 
C н. т/х = 129 
CCCH;?CH; 
xe Я a-cleavage + . 
CH4CH;— С — — —- CH4CH;— O—CCH;CH;CH, + CHCH, 
CH; CH; 
m/z = 115 
CH;CH; 
IN a-cleavage 


+ А 
CH3CH5 p О = T LS acai —— 4 CH3CH5 —0-— CCH5CH5 + CH3CH2CH> 


СН» СН» 
miz= 101 
СЊСНз CH2CH3 
£N WC ON] OS o-cleavage + | є 
CH3—— СН — О n CH5CH;CH; EN вео. + СН» 
СН» СН; 


т/г = 129 
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d. О: 
| 
CH3CCH5CH5CH5CH3 
је 
Со: 
МО a-cleavage E . 
CH;,—CCH;CH;CH;CH; —— ——-  CHaCH5CH5CH5C—O + СН; 
m/z = 100 mlz = 85 
+. 
:0) 
ЈЕ a-cleavage __ 25 А 
CH3C eee ———_ CH3C=O + СЊСЊСЊСН 
mlz = 43 
+. + 
: | H ОН 
| McLaffert || 
СН3ССН» ов CHCH ————> CH;CCH, + CH;—CHCH 
rearangement * 
m/z = 58 


.. et 
е. CH4CH;CHCI: Саон С: 
m C 
CH; CH; CH; 
т/с = 92 and 94 míz-51 


+ z 
9 + Her 


a-cleavage 
— 


[се + . 
CH;CH;CH у Cl: CH,CH;CH-Cl: + CH; 
iE 


C сн» miz = 77 and 79 


ot -cleavag t А 
La ci et АЕ, CH.CH-QGE + CH3CH 


CH; m/z = 63 and 65 
т Le % 
m -e . 
f. CH4C — Br: cuc Bis CH;C+ + :Br 
CH3 СН» CH; 
m/z = 136 and 138 mlz = 57 
18. We know that when (Z)-2-pentene reacts with water and an acid catalyst, 3-pentanol and 2-pentanol are 


formed. Both alcohols have a molecular weight of 88. (Notice that the first step in solving this problem 
is to use chemical knowledge to identify the products.) The absence of a molecular ion peak is consistent 
with the fact that the compounds are alcohols. 


H3C CH CH3 H)SO4 
№ = er + HO —* rq sues + CH3CHCH;CH;CH; 
/ | 
H М OH OH 
(Z)-2-pentene 3-pentanol 2-pentanol 
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Figure 10a shows a base peak at m/z = 59 due to loss of an ethyl radical (88 — 29), indicating that it is 
the spectrum of 3-pentanol. 


Figure 10b shows a base peak at m/z = 45 due to loss of a propyl radical (88 — 43), indicating that it is 
the spectrum of 2-pentanol. 


The wavelength is the distance from the top of one wave to the top of the next wave. We see that A has a 
longer wavelength than B. 

Infrared radiation has longer wavelengths than ultraviolet light because infrared radiation is lower in en- 
ergy. Therefore, A depicts infrared radiation and B depicts ultraviolet light. 


a. 
b. 
с. 


2000 ст! (The larger the wavenumber, the higher the energy.) 
8 ит (The shorter the wavelength, the higher the energy.) 
2 ит, because 2 ит = 5000 ст“ ! (5000 cm ^! is a larger wavenumber than 2000 cm !.) 


10,000 


~ -h — = -1 
я (сш )= = 2500 ст 
4 (um) 
$ (cm-)) 10,000 200 cm”! 
у(ст )— = ст 
A(um) 
A = 50 ит 
1. C=C stretch A triple bond is stronger than a double bond, so it takes more energy to stretch 
a triple bond. 
2. C—H stretch It requires more energy to stretch a given bond than to bend it. 
3. C—N stretch A double bond is stronger than a single bond, so it takes more energy to stretch 
a double bond. 
4. C—O stretch A double bond is stronger than a single bond, so it takes more energy to stretch 
a double bond. 
1. C—O Vibrations of lighter atoms occur at larger wavenumbers. 
2. C—C Vibrations of lighter atoms occur at larger wavenumbers. 


The carbon-oxygen stretch of phenol, because it has partial double-bond character as a result of elec- 


tron delocalization. 


The carbon-oxygen double-bond stretch of a ketone, because it has more double-bond character. The 
double-bond character of the carbonyl group of an amide is reduced by electron delocalization. 


О: :О: 
І | 
^C YN ба — 


~ А 
R NH; R NH; 
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с. Тһе C—N stretch of aniline, because it has partial double-bond character. 


(Bom — (ем 


A carbonyl group bonded to an sp? carbon will exhibit an absorption band at a larger wavenumber because 
а carbonyl group bonded to an sp” carbon of an alkene will have greater single-bond character as a result of 
electron delocalization. 


| р | 
в С C 
RCH ~ RCHÓCH^ > 7 RCH—CH^ ~ 
sp? C sp? 


The С— О bond of the alcohol is a pure single bond. In contrast, the C— O bond of the carboxylic acid 
has double-bond character, so it is a stronger bond and therefore takes more energy to stretch it. 


б: :0: 
S | 
RCH,—OH E 


Sr P" 
OH к “он 


а. The С=О absorption band of an ester occurs at the largest wavenumber because the carbonyl group of 
an ester has the most double-bond character, since the predominant effect of the ester oxygen atom is 
inductive electron withdrawal. 


The C=O absorption band of an amide occurs at the smallest wavenumber because the carbonyl group 


of an amide has the least double-bond character, since the predominant effect of the amide nitrogen 
atom is electron donation by resonance. 


O О О 
О NH 
> > 
b. The C=O absorption of the four-membered ring lactone occurs at the highest wavenumber because it 
is the least able to accommodate double-bond character in the ring, which is required if the carbonyl 


group is to have any single-bond character. 


О од 
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The C=O absorption of the six-membered ring lactone occurs at the lowest wavenumber because it is 
the most able to accommodate double-bond character in the ring. 


T 0.0 


Ethanol dissolved in carbon disulfide will show the oxygen-hydrogen stretch at a larger wavenumber. 
There is extensive hydrogen bonding in the undiluted alcohol, and an oxygen-hydrogen bond is easier to 
stretch if it is hydrogen bonded, so ће О — Н stretch will be at a smaller wavenumber. 


The absorption band at 1100 ст! would be less intense if it were due to a С — М bond, because a smaller 


change in dipole moment is associated with the stretch of a C — N bond compared to the change in dipole 
moment associated with the stretch of a C — O bond. 


a. The absorption band at 1700 ст! indicates that the compound has a carbonyl group. 
The absence of an absorption band at 3300 ст! indicates that the compound is not a carboxylic acid. 
The absence of an absorption band at 2700 ст! indicates that the compound is not an aldehyde. 


The absence of an absorption band at 1100 ст! indicates that the compound is not an ester or an am- 
ide. The compound, therefore, must be a ketone. 


b. The absence of an absorption band at 3400 cm™! indicates that the compound does not have an N—H 
bond. 


The absence of a carbonyl absorption band between 1700 ст! and 1600 ст! indicates that the com- 
pound is not an amide. The compound, therefore, must be a tertiary amine. 


a. Ап aldehyde would show absorption bands at 2820 and 2720 cm™!. A ketone would not have these 
absorption bands. 


b. An open-chain ketone would have a methyl substituent and therefore an absorption band at 
1385-1365 ст! that a cyclic ketone would not have. 


c. Cyclohexene would show an sp? С— Н stretch slightly to the right of 3000 ст“ !. Benzene would not 
show an absorption band in this region. 

d. The cis isomer would show a carbon-hydrogen bending vibration at 730-675 cm ', whereas the trans 
isomer would show a carbon-hydrogen bending vibration at 960-980 cm !. 


e. Cyclohexene would show a carbon-carbon double-bond stretching vibration at 1680-1600 ст! and 


an sp? carbon-hydrogen stretching vibration at 3100-3020 ст“ !. Cyclohexane would not show these 
absorption bands. 


f. A primary amine would show а nitrogen-hydrogen stretch at 3500-3300 cm ', and a tertiary amine 
would not have this absorption band. 


a. An absorption band at 1150-1050 cm™! due to a C—O stretching vibration would be present for the 
ether and absent for the alkane. 


b. An absorption band at 3300-2500 ст! due to an O—H stretching vibration would be present for the 
carboxylic acid and absent for the ester. 
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c. An absorption band at 1385—1365 cm | due to C—H bending vibrations of a methyl group would be 
present for methylcyclohexane and absent for cyclohexane. 


d. Only the terminal alkyne would show an absorption band at 3300 cm™! due to an sp C— H stretching 
vibration. 


e. An absorption band at 1780—1650 ст! due to a C=O stretching vibration would be present for the 
carboxylic acid and absent for the alcohol. 


f. An absorption band at 2960-2850 ст! due to a sp? C— Н stretching vibration would be present for 
the compound with the methyl group and absent for benzene. 


2-butyne, H», СЬ, and ethene because they are symmetrical molecules. 


The absorption bands in the vicinity of 3000 ст! indicate that the compound has hydrogens attached to 
both sp? and sp? carbons. The absence of absorptions at 1600—1800 ст! and the absence of broad absorp- 
tions between 2500 and 3650 ст! rules out compounds containing C=O, N —H, апа O—H groups. 
The lack of absorption at 1600 ст! and 1500 ст! indicates that the compound does not have a benzene 
ring. The sp? hydrogens, therefore, must be those of an alkene. 


The lack of significant absorption at 1600 ст! indicates that the compound must be an alkene with а rela- 
tively small (if any) dipole moment change when the vibration occurs. The absorption band at 965 ст! 
indicates that the compound is a trans-alkene. 


The molecular ion with m/z = 84 suggests that the compound has a molecular formula of СН). The base 
peak with m/z — 55 indicates that the molecular ion most easily loses an ethyl radical (84 — 29 — 55). 
Because it most easily loses an ethyl radical, the ethyl group must be attached to an allylic carbon. The 
compound, therefore, is trans-2-hexene. 


allylic carbon 


H CH; — CH;CH; 


Ej 


Н.С H 


trans-2-hexene 


The absorption band at ~ 1700 ст! indicates that the compound has a carbonyl group, and the absorp- 
tion band at ~ 1600 cm! indicates that the compound has a carbon-carbon double bond. The absorption 
bands in the vicinity of 3000 cm“! indicate that the compound has hydrogens attached to both sp? and sp? 
carbons. The absorption band at ~ 1380 ст! indicates that the compound has a methyl group. Because the 
compound has only four carbons and one oxygen, it must be те ћу! vinyl ketone. Notice that the carbonyl 
stretch is at a lower frequency (1700 ст!) than expected for a ketone (1720 ст“ !), because the carbonyl 
group has partial single-bond character due to electron delocalization. 


О 
| 


E 
CH; ~CH=CH, 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


Mass Spectrometry, Infrared Spectroscopy, and Ultraviolet/Visible Spectroscopy 


A=cle 

m 
5 [5 

0.52 

= = 41х10?М 
^. 12,600 
A=cle 

_A 
и [5 

0.40 
£ = ———— = 10,000М 'сш' 
4.0 x 10 


The compound has the same chromophore as methyl vinyl ketone. So it must have approximately the same 
value for its Аах. Which is 219 nm. 


Or 0-0 O0 
b. (уме > (у-ке > {_у—хсь > (учењу 


a. Blue results from absorption of light that has a longer wavelength than the light that produces purple 
when absorbed. The compound on the right has two N(CH3), auxochromes that will cause it to absorb 
at a longer wavelength than the compound on the left that has only one N(CH3); auxochrome. There- 
fore, the compound on the right is the blue compound. 


b. They will be the same color at pH = 3 because the N(CH3), groups will be protonated and, therefore, 
will not possess the lone pair that causes the compound to absorb light of a longer wavelength. 


The two absorption bands that produce an observed green color correspond to the absorption bands that 
produce yellow and blue. So mixing yellow and blue produce green. 


NADH is formed as a product; it absorbs light at 340 nm. Therefore, the rate of the oxidation reaction can 
be determined by monitoring the increase in absorbance at 340 nm as a function of time. 


alcohol dehydrogenase I 
AUN 
CH3 H 


CH,CH;OH + NAD+ + NADH + Ht 


The Henderson-Hasselbalch equation shows that when the pH equals the рК, the concentration of the spe- 
cies in the acidic form is the same as the concentration of the species in the basic form. 


From the data given, we see that the absorbance of the acid is 0. We also see that the absorbance ceases 
to change with increasing pH after the absorbance reaches 1.60. That means that all of the compound is 
in the basic form when the absorbance is 1.60. Therefore, when the absorbance is half of 1.60 (or 0.80), 
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half of the compound is in the basic form and half is in the acidic form; in other words, the concentration 
in the acid form is the same as the concentration in the basic form. We see that the absorbance is 0.80 at 
pH = 5.0. Therefore, the pK, of the compound is 5.0. 


The molecular ion peak for these compounds is m/z = 86; the peak at m/z = 57 is due to loss of an ethyl 
radical (86 — 29), and the peak at m/z = 71 is due to loss of a methyl radical (86 — 15). 


a. 


э 


3-Methylpentane will be more apt to lose an ethyl radical (forming a secondary carbocation and a 
primary radical) than a methyl radical (forming a secondary carbocation and a methyl radical). In ad- 
dition, 3-methylpentane has two pathways to lose an ethyl radical. Therefore, the peak at m/z — 57 
would be more intense than the peak at m/z — 71. 


CH4CH;CHCH;CH; 
| 
CH; 


3-methylpentane 


2-Methylpentane has two pathways to lose a methyl radical (forming a secondary carbocation and a 
methyl radical in each pathway), and it cannot form a secondary carbocation by losing an ethyl radical. 
(Loss of an ethyl radical would form a primary carbocation and a primary radical.) Therefore, it will be 
more apt to lose a methyl radical than an ethyl radical, so the peak at m/z = 71 would be more intense 
than the peak at m/z = 57. 


саан 
СН; 


2-methylpentane 


the change in the dipole moment when the bond stretches or bends 
the number of bonds that cause the absorption band 
the concentration of the sample 


An absorption band at ~ 1250 cm! due to a C—O stretching vibration would be present for the ester 
and absent for the ketone. 

An absorption band at 720 ст! due to in-phase rocking of the five adjacent methylene groups would 
be present for heptane and absent for methylcyclohexane. 

An absorption band at 3650-3200 ст! due to an O—H stretching vibration would be present for the 
alcohol and absent for the ether. 

An absorption band at 3500-3300 ст! due to an N—H stretching vibration would be present for the 
amide and absent for the ester. 

The secondary alcohol would have an absorption band at 1385-1365 ст“! for the methyl group. The 
primary alcohol does not have a methyl group, so it would not have this absorption band. 

The trans isomer would have a C —H bending absorption band at 980-960 ст“ !, whereas the cis 
isomer would have the absorption band at 730-675 cm !. In addition, a weak C=C absorption band 
at 1680—1600 ст! would be present for the cis isomer and absent for the trans isomer, since only the 
trans isomer is symmetrical. 

The C=O absorption band will be at a larger wavenumber for the ester (1740 ст!) than for the 
ketone (1720 cm7!). 


46. 


47. 


48. 


49. 


Mass Spectrometry, Infrared Spectroscopy, and Ultraviolet/Visible Spectroscopy 


The C=O absorption band will be at a larger wavenumber for the B,y-unsaturated ketone (1720 ст!) 
than for the a,8-unsaturated ketone (1680 ст !), since the double bonds in the latter are conjugated. 
The alkene would have absorption bands at 1680-1600 ст! due to a C=C stretching vibration and 
at 3100-3020 ст! due to an sp? C —H stretching vibration that the alkyne would not have. The al- 
Купе would have an absorption band at 2260-2100 cm! that the alkene would not have. 

An absorption band at ~ 2820 and ~2720 cm ! due to the aldehyde C—H stretching vibration would 
be present for the aldehyde and absent for the ketone. 

Absorption bands at 1600 ст! and 1500 cm ^! (aromatic ring stretching vibrations) and at 3100-3020 
em ! (sp? C—H stretching vibration) would be present for the compound with the benzene ring and 
absent for the compound with the cyclohexane ring. An absorption band at 2960-2850 ст“ ! due to 
an sp? C —H stretching vibration would be present for the compound with the cyclohexane ring and 
absent for the compound with the benzene ring. 

Absorption bands at 990 ст! and 910 ст! due to an sp? C—H bending vibration would be present 
for the terminal alkene and absent for the internal alkene. 


Dividing 128 by 13 gives 9 with 11 left over. Thus, the base value is СУН». Because the compound is a 
saturated hydrocarbon, we know that the base value is also the molecular formula of the compound. Some 
possible structures are: 


b. 


If the reaction had occurred, the intensity of the absorption bands at ~ 1700 cm™! (due to the carbonyl 
group) and at ~2700 ст! (due to the aldehyde С — Н bond) of the reactant would have decreased. If 
all the aldehyde had reacted, these absorption bands would have disappeared. 


If all the NH,NH, had been removed, there would be no N — Н absorption at ~ 3400 cm - И 


If the force constants are approximately the same, the lighter atoms will absorb at higher frequencies. 


C=C > C—N > C—O 


3600 cm! 3000 1800 1400 1000 


OH 3300-3000 | sp? CH 2950 С=О 1700} C—O 1250-1050 


NH 3600-3200 | RCH 2700 C=C 1600 | C—N 1230-1030 


sp CH 3300 С=С 2100 (у 1500 


sp? CH 3050 CEN 2250 


О 
| 
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50. The molecular weight of each of the alcohols is 158. The peak at m/z = 140 is due to loss of water 
(158 — 18); each of the alcohols could show such a peak. The peaks at m/z = 87, 115, and 143 are due to 
loss of a group with five carbons (СН), a group with three carbons (C3H7), and a methyl group, respec- 
tively. Only 2,2,4-trimethyl-4-heptanol could lose all three groups via a-cleavage. 


eo. 


OH 
LPL OH Pow 
1, 5-hexadiene 2,4-hexadiene 


One way to distinguish the two compounds is by the presence or absence of an absorption band at 
~ 1370 ст! due to the methyl group that 2,4-hexadiene has but that 1,5-hexadiene does not have. In 
addition, 2,4-hexadiene has conjugated double bonds; therefore its double bonds have some single-bond 
character due to electron delocalization. Consequently, they are easier to stretch than the isolated double 
bonds of 1,5-hexadiene. Thus, the carbon-carbon double-bond stretch of 2,4-hexadiene will be at a smaller 
wavenumber than the carbon-carbon double-bond stretch of 1,5-hexadiene. 


52. The fact that the abundance of the M 4-2 peak is 30% of the abundance of the M peak indicates that the com- 
pound has one chlorine atom. The peak at m/z — 77 is due to loss of the chlorine atom (112 — 35 — 77). 
The fact that the peak at m/z — 77 does not fragment indicates it is a phenyl cation. Therefore, the com- 


pound is chlorobenzene. 


53. Dividing 112 by 13 gives 8 with 8 left over. Thus, the base value is СН, о, and because the compound is 
a hydrocarbon, this is also its molecular formula. The molecular formula indicates that it has one degree 
of unsaturation, which is accounted for by the fact that we know it has a six-membered ring. Possible 
structures are shown here. Possible stereoisomers are not shown: the second and third structures have three 
stereoisomers and the fourth structure has two stereoisomers. 


QU CX ы 


The А пах will be at a longer wavelength, 
because there are three conjugated double bonds. 
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OH ОСН; 
Ь. Cy and СТ 


The Алах of the phenolate ion is at a longer The Алах 1$ pH independent, so it will be the 
wavelength than the A,,4, of phenol. same at pH 7 and 11. 

Because the pK, of phenol is ~ 10, the Aj 

will be at a longer wavelength at pH = 11 

than at pH = 7. 


c. and 
О 


The 4 пах will be at a longer wavelength 
because the carbonyl group is conjugated 
with the benzene ring. 


Hydrogens are more electron-withdrawing than alkyl groups. Therefore, the carbonyl group bonded to 
two relatively electron-withdrawing hydrogens has the largest wavenumber for its C — O absorption band, 
whereas the carbonyl group bonded to two alkyl groups has the lowest wavenumber. 


The C=O absorption band of the three compounds decreases in the following order. 


b. d d 


The first compound has the C—O absorption band at the largest wavenumber, because a lone pair on the 
ring oxygen can be delocalized onto two different atoms; thus it is less apt than the lone pair in the other 
compounds to be delocalized onto the carbonyl oxygen atom. 


I 
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The third compound has the C —O absorption band at the smallest wavenumber because its carbonyl group 
has more single-bond character due to contributions from two other resonance contributors. 


СС 
"II LIS 


57. 4-Methyl-2-pentanone would show peaks at m/z = 85 (loss of a methyl group) and at m/z = 43 (loss of 
an isobutyl group) and a peak at m/z — 58 due to a McLafferty rearrangement. 


О 
| 
^C 
СН; СЊСНСНз 


| 
СН; 


4-methyl-2-pentanone 


2-Methyl-3-pentanone would show peaks at m/z = 71 (loss of an ethyl group) and at m/z = 57 (loss of 
an isopropyl group). Because it does not have a y-hydrogen, it cannot undergo a McLafferty rearrange- 
ment, so it does not have a peak at m/z = 58. 


О 
|| 
У“ C М. 
CHCH CH2CH3 


2-methyl-3-pentanone 


58. a. The absorption band at ~2100 cm! indicates a carbon-carbon triple bond, and the absorption band at 
~3300 ст! indicates a hydrogen bonded to an sp carbon. 


CH3CH,CH,CH,C=CH 
b. The absence of an absorption band at ~2700 cm! indicates that the compound is not an aldehyde, and 
the absence of a broad absorption band in the vicinity of 3000 cm“! indicates that the compound is not 
а carboxylic acid. The ester and the ketone can be distinguished by the absorption band at ~ 1200 ст! 
that indicates the carbon-oxygen single bond of an ester. 
О 


cance, 


c. The absorption band at ~ 1360 cm! indicates the presence of a methyl group. 


е -C(CH3)3 
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59. a. The broad absorption band at ~ 3300 cm! is characteristic of the oxygen-hydrogen stretch of an al- 
cohol, and the absence of absorption bands at ~ 1600 ст! and ~3100 ст! indicates that it is not the 
alcohol with a carbon-carbon double bond. 


ZO S 


b. The absorption band at ~ 1685 ст! indicates a carbon-oxygen double bond. The absence of a strong 
and broad absorption band at ~ 3000 cm! rules out the carboxylic acid, and the absence of an absorp- 
tion band at ~ 2700 ст! rules out the aldehyde. Thus, it must be one of the ketones. The ketone with 
the conjugated carbonyl group would be expected to show a C—O stretch at ~ 1685 cm ', whereas 
the ketone with the isolated carbonyl group would show a C=O stretch at ~1720 cm !. Thus, the 
compound is the ketone with the conjugated carbonyl group. 


О 


c. The absorption band at ~ 1700 ст“ ! indicates a carbon-oxygen double bond. The absence of an ab- 
sorption band at ~ 1600 cm ! rules out the ketones with the benzene or cyclohexene rings. The absence 
of absorption bands at ~2100 ст! and ~3300 ст! rules out the ketone with the carbon-carbon triple 
bond. Thus, it must be 4-ethylcyclohexanone. 


O 
60. The absorption bands at ~2700 ст“ ! for the aldehyde hydrogen and at ~ 1380 ст! for the methyl group 


would distinguish the compounds. 


A would have the band at ~2700 ст! but not the one at ~ 1380 cm™!. 
В would have the band at ~ 1380 cm ! but not the one at ~ 2700 ст“ !. 
С would have both the band at ~ 2700 ст! and the one at ~ 1380 cm !. 


61. 1-Hexyne will show absorption bands at ~ 3300 ст! for a hydrogen bonded to an sp carbon and at 
~2100 cm! for the triple bond. 


CH4CH5CH5CH5C = CH 
]-hexyne 


2-Hexyne will show the absorption band at ~2100 ст! but not the one at ~ 3300 cm !. 


CHa4CH5CH5C — CCH; 
2-hexyne 


3-Hexyne will show neither the absorption band at ~ 3300 ст! nor the one at ~2100 ст! (there is no 
change in dipole moment when the C —C stretches). 


CH,CH,C=CCH,CH, 
3-hexyne 
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62. Dividing 116 by 13 gives 8 with 12 left over. Thus, the base value is CoH»). Because the compound con- 
tains two oxygens, two Os must be added to the base value and two Cs and eight Hs must be subtracted. 
Therefore, the molecular formula is СНО». Some possible structures are: 


О О О 


КЕ an — он мр он 


63. Since only benzene absorbs light of 260 nm, the concentration of benzene сап be determined by measur- 
ing the absorbance (A) at 260 nm, using the Beer-Lambert law, since the length of the light path of the 
cell (1.0 cm) is known and the molar absorptivity of benzene at 260 nm (2) is also known. 


Beer-Lambert law: A = cle 
| А 
Therefore, the concentration of benzene = P 
= 
64. а. О с. СО -1050 enr! е. sp СН 3300 ст“! (narrow) 
— _ -1 С=С 2100 cm! 
A, 2700 cm"! O—H 3600—3200 cm“ (broad) 
O 
| 1700 ст“! 
С 
C=C 1600 cm! 
b d. f. О 


1700 ст! 


С 
C—N -1030спг! О 
1500 cm-!, 1600 стт! pu ~3000 cm! (broad) 
OH 


М-Н 3500-3300 ст“! 


Ц 1700 ст“! Ц 1700 cm! 


C—O —-1250 cm, ~1050 ст“! C—O ~1250cm! 
65. Calculating the term in Hooke’s law that depends on the masses of the atoms joined by a bond for a 
C—H bond and for a C—C bond shows why stretching vibrations for smaller atoms occur at larger 
wavenumbers. 


Гог а carbon-hydrogen bond for a carbon-hydrogen bond 


m +m 12+ 1 m + т 12 12 
mı x m» 12X1 mi x m», 12 X 12 
ME 2M 
12 144 
= 1.08 = 0.17 
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Before the addition of acid, the compound is colorless because the benzene rings are not conjugated with 
each other, since they are separated by two single bonds. In the presence of acid, a carbocation is formed 
in which the three benzene rings are conjugated with each other as a result of electron delocalization. The 
conjugated carbocation is highly colored. 


N(CH3)2 N(CH3)2 


Ht A 


m 
(CH3)2N С N(CH3); (СНз)>М C N(CH3); 
:0 


a. Тһе absorption bands at 1720 ст! and ~ 2700 cm! indicate that the compound is an aldehyde (carbon- 
hydrogen stretch of an aldehyde hydrogen). The absence of an absorption band at ~ 1600 cm! rules out 
the aldehyde with the benzene ring. Thus, it must be the other aldehyde. 


e 


b. The absorption bands at ~3350 ст! and ~ 3200 ст! indicate that the compound is an amide (nitrogen- 
hydrogen stretch). The absence of an absorption band at ~ 3050 ст! indicates that the compound does 
not have hydrogens bonded to sp? carbons. Therefore, it is not the amide that has a benzene ring. Thus, it 
must be the other amide. 


O 


a 


c. The absence of absorption bands at ~ 1600 ст! and ~ 1500 cm! indicates that the compound does 
not have a benzene ring. Thus, it must be the ketone. This is confirmed by the absence of an absorption 
band at ~ 1380 cm !, indicating that the compound does not have a methyl group. 


2 


О 


The absorption band at ~ 1740 cm™! indicates that the compound has a carbonyl group, and the absence of 
an absorption band at ~ 1380 cm! indicates that it has no methyl groups. The absence of an absorption band 
at ~ 1600 ст! indicates the compound does not have a carbon-carbon double bond, and the absence of an 
absorption band at ~ 3050 cm! indicates the compound does not have hydrogens bonded to sp? carbons. 


489 


69. 


70. 


71. 


72. 
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From the molecular formula you can deduce that the compound is cyclopentanone. 


O 


The broad absorption band at ~ 3300 ст”! indicates that the compound has an OH group. The absorption 
bands at ~ 2900 ст! indicate that the compound has hydrogens attached to an sp? carbon. The compound, 
therefore, is benzyl alcohol. 


" 1 [E zm)” 
y 


2qc mm» 
12 12 
10 x ЈН + 53 x 10723 р 
" 1 602 6.02 
y = 
2 х 3.1416 X 3 X l0? cms! 12 12 
—— x 1072 g x — x 109-9 
6.02 8 ^ 602 5 
5 1 28 
УМ 10.0 10 
18.85 x 10 
~ 1 14 
ў=—————Х3.16 x 10 
18.85 x 10 
y = 1676 ст ! 


In acidic solutions, Фе three benzene rings аге isolated from one another, so phenolphthalein is colorless. 
In basic solutions, loss of the proton from one of the OH groups causes the five-membered ring to open. As 
а result, the number of conjugated double bonds increases, which causes the solution to become colored. 


OH 


OH 


The broad absorption band at ~ 3300 ст! indicates that the compound has an OH group. The absence 
of absorbance at ~1700 ст“ ! shows that the compound does not have a carbonyl group. The absence of 
absorption at ~2950 cm™! indicates the compound does not have any hydrogens bonded to sp? carbons. 
Therefore, the compound is phenol. 
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The IR spectrum indicates that the compound is an aliphatic ketone with at least one methyl group. 
The M peak at m/z = 100 indicates that the ketone is a hexanone. The peak at 43 (100 — 57) for loss 
of a butyl radical and the peak at 85 for loss of a methyl radical (100 — 15) suggest that the compound 
is 2-hexanone. 


O 
| 
„© ~ 
СН» СЊСЊСЊСНза 


This is confirmed by the peak at 58 for loss of ргорепе (100 — 42) аз a result of а McLafferty 
rearrangement. 


+. + 
9 N Pu 


McLaffer | 
CH;CCH) <cu<cucn, ae РОН + СН›=СНСН, 
NC rearrangement . 


The equal heights of the M and M+2 peaks at 162 and 164 indicate that the compound contains bro- 
mine. The peak at m/z = 83 (162 — 79) is for the carbocation that is formed when the bromine atom 
is eliminated. The IR spectrum does not indicate the presence of any functional groups, and it shows 
that there are no methyl groups present. The m/z peak — 83 indicates a carbocation with a formula 
of СН, у. The fact that the compound does not contain a methyl group indicates that the compound is 


bromocyclohexane. 


bromocyclohexane 


The absorption bands at ~ 1700 ст! and ~2700 ст! indicate that the compound is an aldehyde. The 
molecular ion peak at m/z = 72 indicates that the aldehyde contains four carbons (C4HgO). The peak 
at m/z = 44 for loss of a group with molecular weight 28 indicates that ethene has been lost as a result 
of a McLafferty rearrangement. 


+ 


H :O н 
| | McLaffer 
em; a CHCH 9.  CH.CH + Сн›=СН› 


rearrangement 


m/z = 44 


A McLafferty rearrangement can occur only if the aldehyde has a y-hydrogen. The only four-carbon 
aldehyde that has a y-hydrogen is butanal. 


Q-—O 


| 
Оњенене он 
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Practice Test 


1. Give one IR absorption band that could be used to distinguish each of the following pairs of compounds. 
Indicate the compound for which the band would be present. 


О О 
а. p and E 
О О 
К ж са ae эшо, 


с. CH3CH,CH,CH,OH and CH3CH,CH,OCH; 


d. ( )—окь and { })—сшнон 
| ~ 


| 
е. AP ee and 


f. CH3CHCH—CHCH; and CH3;CH,C=CCH; 


2. CH,CH;C—CH and  CH;CH,C=CCH; 
2. Indicate whether each of the following is true or false: 


a. The О—Н stretch of a concentrated solution of an alcohol occurs at a higher 


frequency than the O—H stretch of a dilute solution. T 
b. Light of 2 uum is of higher energy than light of 3 um. Т 
It takes more energy for a bending vibration than for a stretching vibration. T 


d. Propyne will not have an absorption band at 3100 cm ', because there is 
no change in the dipole moment. T 


e. Light of 8 jum has the same energy as light of 1250 cm !. 
f. The M+2 peak of an alkyl chloride is half the height of the M peak. T 


3. The major peaks shown in the mass spectrum of a tertiary alcohol are at m/z = 73, 87, 98, and 101. Iden- 
tify the alcohol. 


4. А 3.8 X 10 ^M solution of cyclohexanone shows an absorbance of 0.75 at 280 nm in а 1.00 cm cell. 
What is the molar absorptivity of cyclohexanone at 280 nm? 
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How could you distinguish between the IR spectra of the following compounds? 


ем » 


a. 


Which compound has the greater А пах? (300 nm is a greater Алах than 250 nm.) 


* 
NH, NH; 
с. СТ апа CY 


a. 


о» 


A solution of a compound with a molar absorptivity of 1200 M ст! at 297 nm gives an absorbance of 


0.76 at that wavelength in a 1.0 cm quartz cell. What is the concentration of the solution? 


Draw possible structures for an alcohol that has a molecular ion with an m/z value of 60. 


A bond between a carbon and an atom of similar electronegativity breaks , whereas a bond 


between a carbon and a more electronegative atom breaks 
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Answers to Practice Test 


О О 
а. а е. PW 
~2770 стг! ~1050 ог ~1250 cm"! 
О 
b. A f. CHa3CH;CH = СНСНз CH3CH2C = ССН; 
Мн; ~1600 cm"! -2100 ст“! 
~3300 стг! ~3100 cm! 
с. CH3CH,CH,CH,OH 2. CH3CH5C — CH 
~ 3600—3200 ст! ~3300 ст! 
а. . CHCH; -1380cm'! 
| 
ОН 


a. The O—H stretch of a concentrated solution of an alcohol occurs at a higher 
frequency than the O—H stretch of a dilute solution. 

b. Light of 2 um is of higher energy than light of 3 um 

c. It takes more energy for a bending vibration than for a stretching vibration. 

d. Propyne will not have an absorption band at 3100 cm, because there is no 
change in the dipole moment. 

e. Light of 8 um has the same energy as light of 1250 сш". 

f. The M + 2 peak of an alkyl chloride is half the height of the M peak. 


CH; 


| 
CH4CH;CCH;CH;CH; 

| 

ОН 


Absorbance = molar absorptivity Х concentration Х length of light path (in cm) 
0.75 = molar absorptivity X 3.8 х 10^ x 1 
molar absorptivity = 2000 M ! стг! 


~3100 ст“! ~1700 cm! ~1050 cm! 
~1500 ст“! 


"ndm 


т А T 
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O O 
< 
Ь. H е. 


~3100 cm! ~2900 ст“! 
~2700 cm! ~2900 стг! ~1380 ст“! 
~1380 ст“! 
О О 
с. су“ cy" 
~3300–2500 cm! ~2900 ст“! 
~1380 ст“! 
~1050 ст“! 


N NH 
2 
a. b. CY `~ с. 


Absorbance = molar absorbtivity Х concentration Х length of light path (in cm) 
0.76 = 1200 X concentration 


concentration = 6.3 X 10 ^M 


5 = 4 with 8 left over САН12 = C3HgO CH3CH,CH,OH and ашын 


OH 


A bond between a carbon and an atom of similar electronegativity breaks homolytically, whereas a bond 
between a carbon and a more electronegative atom breaks heterolytically. 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


Important Terms 


acid anhydride i жы, d 
acyl adenylate a carboxylic acid derivative with AMP as the leaving group. 

О 
acyl group pu 

R 

\ \ 
acyl halide E ps OF " p. 
acyl phosphate a carboxylic acid derivative with a phosphate leaving group. 
acyl transfer reaction a reaction that transfers an acyl substituent from one group to another. 
alcoholysis a reaction with an alcohol that converts one compound into two compounds. 

О О О 
ка | ог | ог | 

R^ “мн, R^ NHR R^ “МВ, 
amino acid an а-апипо carboxylic acid. 
aminolysis a reaction with an amine that converts one compound into two compounds. 
biosynthesis synthesis that occurs in a biological system. 
carbonyl carbon the carbon of a C=O group. 
carbonyl compound a compound that contains a C=O group. 
carbonyl group a carbon doubly bonded to an oxygen (C=O). 
carbonyl oxygen the oxygen of a С=О group. 
О 

carboxyl group P or  —COOH or — СОН 


From Chapter 16 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright O 2014 
by Pearson Education, Inc. All rights reserved. 
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carboxylic acid 


carboxylic acid derivative 
carboxyl oxygen 


catalyst 


ester 


fat 
fatty acid 


Fischer esterification 
reaction 


Gabriel synthesis 


hydrolysis 

hydrophobic interactions 
imide 

lactam 

lactone 

lipid 


lipid bilayer 


membrane 


micelle 


mixed anhydride 


mixed triglyceride 
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a compound that is hydrolyzed to a carboxylic acid. 
the single-bonded oxygen of a carboxylic acid or ester. 


a species that increases the rate of a reaction without being consumed in the 
reaction. 


a triester of glycerol that exists as a solid at room temperature. 

a long-chain carboxylic acid. 

а reaction of a carboxylic acid with excess alcohol and an acid catalyst. 
a method used to convert an alkyl halide into a primary amine, involving 542 
attack of phthalimide ion on an alkyl halide followed by hydrolysis. 

a reaction with water that converts one compound into two compounds. 
the attractive forces between hydrocarbon groups in water. 

a compound with two acyl groups bonded to a nitrogen. 

a cyclic amide. 

a cyclic ester. 

a water-insoluble compound found in a living system. 


two layers of phosphoacylglycerols arranged so that their polar heads are on the 
outside and their nonpolar fatty acid chains are on the inside. 


the material that surrounds the cell in order to isolate its contents. 


a spherical aggregation of molecules, each with a long hydrophobic tail and a polar 
head, arranged so the polar head points to the outside of the sphere. 


an acid anhydride with two different R groups. 


a triglyceride in which the fatty acid components are different. 


Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


nitrile 


nucleophilic acyl 
substitution reaction 


nucleophilic addition- 
elimination reaction 
oil 


phosphoglyceride 
(phosphoacylglycerol) 


phosphoanhydride bond 
phospholipid 
polyunsaturated fatty acid 
saponification 

simple triglyceride 

soap 

symmetrical anhydride 


tetrahedral intermediate 


thioester 


transesterification reaction 


wax 


a compound that contains a carbon-nitrogen triple bond. 

R—C=N 
a reaction in which a group bonded to ап acyl group is substituted by another group. 
another name for a nucleophilic acyl substitution reaction, which emphasizes the 
two-step nature of the reaction: a nucleophile adds to the carbonyl carbon in the 
first step, and a group is eliminated in the second step. 


a triester of glycerol that exists as a liquid at room temperature. 


formed when two OH groups of glycerol form esters with fatty acids and the terminal 
OH group is part of a phosphodiester. 


the bond holding two phosphate groups together within a diphosphate or triphosphate. 
a lipid that contains a phosphate group. 

a fatty acid with more than one double bond. 

hydrolysis of a fat under basic conditions. 

a triglyceride in which the fatty acid components are the same. 

а sodium or potassium salt of a fatty acid. 

an acid anhydride with identical R groups. 


the intermediate formed in an adddition-elimination (or a nucleophilic acyl substitution) 
reaction. 


the sulfur analog of an ester. 


the reaction of an ester with an alcohol to form a different ester. 


an ester formed from a long straight-chain carboxylic acid and a long straight- 
chain alcohol. 


499 


Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


Solutions to Problems 


500 


a. benzyl acetate b. isopentyl acetate c. methyl butyrate 


The lactone would be a three-membered ring, which is too strained to form. 


a. potassium butanoate f. propanamide 
potassium butyrate propionamide 
b. isobutyl butanoate g. y-butyrolactam or 
isobutyl butyrate 2-azacyclopentanone 
с. N,N-dimethylhexanamide h. cyclopentanecarboxylic acid 
d. pentanoyl chloride i. B-methyl-ó-valerolactone or 
valeryl chloride 5-methyl-2-oxacyclohexanone 


e. 5-methylhexanoic acid 
ó-methylcaproic acid 


О О 
| | О 
ao C. a C. | 
а. СН; О 9. ВОНА НОС OH 5. Pies 
CH; 
О | О 
„С ~ 
b. NH е. инн OCH;CH; h. OH 
CI CI 
CH;CH; 
О О 
| | 
€ CH; МНСН, . сна нон МН, 
Вг 


В is a correct statement. The delocalization energy (resonance energy) is greater for the amide than for 
the ester because the second resonance contributor of the amide has a greater predicted stability and so 
contributes more to the overall structure of the amide; nitrogen is less electronegative than oxygen, so it is 
more stable with a positive charge. 


The carbon-oxygen single bond in an alcohol is longer because, as a result of electron delocalization, the 
carbon-oxygen single bond in a carboxylic acid has some double-bond character. 


CoA, HILL Cy 4 
„К, R^ “он 
longer shorter. 


Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


a. Тһе bond between oxygen and the methyl group is the longest, because it is a pure single bond, whereas 
the other two carbon-oxygen bonds have some double-bond character. 


d^ ie 
С Cy 
сн; Го 3 сн *“б—сн; 
^ д 
more stable less stable 


3 = longest 1 = shortest 


The bond between carbon and the carbonyl oxygen is the shortest, because it has the most double-bond 
character. 


b. Notice that the longer the bond, the lower its IR stretching frequency. 


O 1 =н А 
| 1 = highest frequency 
С 3 = lowest frequency 


The key factor is the extent to which the lone pair on Y can be delocalized onto the carbonyl oxygen. The 
smaller the contribution from the resonance contributor on the right, the greater will be the double-bond 
character of the C—O and the greater will be its IR stretching frequency. 


Ó: Ó 
„= 


X S 
R^ Xy p^ S 


+ 
Y 

When У = СІ, delocalization of chlorine’s lone pair onto the carbonyl oxygen is minimal, because of the 
poor overlap of the large Зр orbital of chlorine with the small 2p orbital of carbon. Thus, the C—O group 
of the acyl chloride has the highest IR stretching frequency. 


acyl chloride ~ 1800 ст! 
ester ~1730 стг! 
amide ~ 1640 ст! 


When У = М№Н,, the resonance contributor on the right is more stable than the analogous resonance con- 
tributors for the other carboxylic acid derivatives, because nitrogen can better accommodate a positive 
charge than can oxygen. Therefore, the C—O bond of the amide has the least double-bond character, so 
it stretches at the lowest frequency. 


a. Stearic acid has the higher melting point, because it has two more methylene groups (giving it a greater 
surface area and therefore more intermolecular van der Waals interactions) than palmitic acid. 


b. Palmitic acid has the higher melting point, because it does not have any carbon-carbon double bonds, 
whereas palmitoleic acid has a cis double bond that prevents the molecules from packing closely 
together. 
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10. сњењењењењен = CHCH,CH=CHCH,CH — CHCH;CH —CHCH;CH;CH;COOH 


1. excess O5 
2. (CHS 
| | | | 
CH4CH;CH;CH;CH5CH 3 HCCH;?CH HCCH5;CH;CH;CH 
hexanal 3 malonaldehyde units gluteraldehyde 


11. a. Because НСІ is a stronger acid than H5O, СІ is a weaker base than НО’. 
Therefore, С will be eliminated from the tetrahedral intermediate, so the product of the reaction will be 
acetic acid. Because the solution is basic, acetic acid will be in its basic form as a result of losing a proton. 


О 
| HO CH e CI | E | H,0 
CH; “а | cH; “он CH; ^O 
OH = 
acetyl chloride acetic acid + Cl 


b. Because H,O is a stronger acid than NH}, HO is a weaker base than NH). 
Therefore, НО will be eliminated from the tetrahedral intermediate, so the reactant will reform. In 
other words, no reaction will take place. 


j | 
| 
С + HO. == CH3;—C—NH) 
CH; “мн, | 
OH 
acetamide 
12. a. Acetyl chloride will have the stretching vibration for its carbonyl group at the highest frequency be- 


cause it has the most C—O double-bond character, since it has the smallest contribution from the 
resonance contributor with a positive charge on Y. 


О [em 
“| n | 

M С 
CHy Сү cu Sy 


b. Acetamide will have the stretching vibration for its carbonyl group at the lowest frequency because 
it has the least C=O double-bond character, since it has the largest contribution from the resonance 
contributor with a positive charge on Y. 


13. а CHÍ OCH; + ма 


no reaction, because СГ is weaker base than CH307 


| || | 
С С С 
/ y CN HO- ZN 
b. CH; да + NaOH CH; OH + NaCl 
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14. 


15. 


16. 


17. 


18. 


Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


+ NaCl =  noreaction, because СІ is a weaker base than NH3 


+ NaOH ——  noreaction, because НО 15 a weaker base than NH; 
d. CH; МН» 


It is a true statement. 


If the nucleophile is the stronger base, it will be harder to eliminate the nucleophile from the tetrahedral 
intermediate (B) than to eliminate the group attached to the acyl group in the reactant. In other words, the 
hill that has to be climbed from the intermediate back to the reactants (B to A) is higher than the hill that 
has to be climbed from the intermediate to the products (B to C). Since the transition state with the highest 
energy is the transition state of the rate-limiting step, the first step is the rate-limiting step. 


Free energy 


— 
Progress of the reaction 


a. anew carboxylic acid derivative 
no reaction 


a mixture of two carboxylic acid derivatives 


а. СЊСЊСЊОН с. (CH3),NH е. wo) 
b. NH, d. H,O f. wo— Suo 


Solved in the text. 


+ њо: CH;—C—Cl сњ—с—а! + HBt 
| c va 7 | “OH | Кы 
< 
В: Н 
TERT d 
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:0 
I> dz 
C. | ur 
C E ( E C—Cl = ВЕС 
CH;NH SNHCH da 
п» c 3 : 3 
Н 
CH;NH, 
' 
:0 
I 
“NHCH, + CF 
19. A protonated amine has a pK, ~ 11. Therefore, the amine will be protonated by the acid that is produced 


in the reaction, and a protonated amine is not a nucleophile. Excess amine is used in order to have some 
unprotonated amine available to react as a nucleophile. 


A protonated alcohol has a pK, ~ —2. Therefore, the alcohol will not be protonated by the acid that is pro- 
duced in the reaction. 


O T 
C sie 


„С 
20. а. CH4CH;j OCH, + H20: lI——— CEN AGE 
*OH 
с 


В ен CH3O (path а) and НО (path b) 
|| have the same leaving propensity 
so either one can be eliminated. 


CH3CH— Cy OCH; + HBt 
Сон а 
О уд EN О 
| N | 
CH,;CH;~ “ОН + CH307 CHCH; “ОСН; + HOT 
О 
| 
CHCH“ “0 + CH4OH 


О me Au 
b. Cy :О: :О: 


E >ш ов 
Н O + СН;М№Н, = H—C— O -—— —- H—C7 O + HBt 
2 | \ / ЊЕ 
E i NHCH3 | 


B: H O 


C 
H^ ^NHCH, + о) 
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21. 


22. 


23. 


24. 


25. 


Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


a. 1. The carbonyl group of an ester is a weak electrophile. 
2. Water is a weak nucleophile. 
3. ОСН; is a strong base and, therefore, a poor leaving group. 


b. Aminolysis is faster, because an amine is a better nucleophile than water. 


Solved in the text. 


О [e 

|| || 

MEN О тш 
а. OH + CH;CH,OH c. HOCH;CH;CH;CH; OH 


The mechanism for the hydrolysis of a cyclic ester is 
the same as that for an acyclic ester. 


O 
| 
^C 
b. CH4CH5CH; OH + CH30H 


The mechanism for the acid-catalyzed reaction of acetic acid and methanol is the exact reverse of the 
mechanism for the acid-catalyzed hydrolysis of methyl acetate. 


H 
as + 
8 А А 6 н ОН (Cul 


H — Bt es es 
| 1 + CH30H CH4— C— OH CH;— C— он 
сну” “он сну” Ҳон „/ „l 
сосн; OCH; 
| i 
B: H 
хх 
; 2: 
HB LOH B . 
О О {ОН 
| = | H20 CH3—C OH 
== + 22 3 G 
cH “OCH, сну OCH; + 
OCH3 
а. Апу species with an acidic proton can be represented by НВ*. 
О *OH 
|| || OH OH 


+ С | | + 
H;0* СНОН, CH; “он CH; “он ан сы =н; 


+OH OH 
H 


b. Any species with a lone pair can be represented by :B. 


o 
T 


| 
| 


HO CHOH CH; “он CH;C—OCH; 


| 
OH 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


с. HjO* 


Е 
d. ЊО“ if excess water is used, СН.ОН, if excess water is not used. 


26. Solved in the text. 
27. These are transesterification reactions. 
a. O О 
| | 
C. HCI S 
OCHCH; + CH,CHCH; OCHCH; + CH,CH,OH 
OH CH; 
| | 
С на! C OH 
b. сна 2 + CH,CH,OH CH;  OCE,CH, + 
~“ H OH OH 
| < | MA. 
C C + CHOH == CH;—C—OCH,CH; === CH;—C—OCH>CH; 
28. Сну” ^OCH,CH, сн; | ~OCH,CH; à 
COCHs OCH; 
: H 
B м4 
+ £N 
HB pH B И 
О О {ТОН 
| | СН»СН»ОН CH с H 
= C re 3 2 === 3 СТ ОСН,СН; 
и и Ur 2~473 
CH; “осн; CH; OCH; + 
ОСН» 
29. The mechanism is the same except that the nucleophile is methanol rather than water. 
H H 
X A Td 
| С cH, E | { CH С + ,*C—CH 
— — 3 
we xL к^ “о 
CH; CH; CH; 
CH; OH 
нв“ ВУ ~ у 
Сн н СН; 
os CH,0—C—CH, 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


30. a. The conjugate base (CH43CH;CH5O ) of the reactant alcohol (CH;CH,CH,OH) can be used to increase 
the rate of the reaction because it is the nucleophile that we want to become attached to the carbonyl carbon. 


b. If H* is used as a catalyst, the amine will be protonated in the acidic solution and therefore will not be 
able to react as a nucleophile. 


If HO is usedasa catalyst, НО will be the best nucleophile in the solution, so it will add to the ester, 
and the product of the reaction will be a carboxylate ion rather than an amide. 


If RO is used as a catalyst, КО will be the nucleophile, and the product of the reaction will be an 
ester rather than an amide. 


О 

| 

кы 18 18 
31. | СН.СВСНУ “Осн; апа CH,OH 


32. а. The alcohol (CH4CH5OH) contained the !*O label. 


b. The carboxylic acid would have contained the '8О label. 
33. Solved in the text. 


34. When the oil is saponified, it forms glycerol and three equivalents of carboxylate ion. In losing glycerol, 
the oil loses three carbons and five hydrogens. 


Therefore, the three equivalents of carboxylate ion have a combined molecular formula of C42Hg106. 


Dividing by three gives a molecular formula of С,4Н70 for the carboxylate ion. 


35. Glyceryl tripalmitate has a higher melting point because the carboxylic acid components are saturated and 
can therefore pack more closely together than the cis-unsaturated carboxylic acid components of glyceryl 
tripalmitoleate. 

36. To be optically inactive, the fat must have a plane of symmetry. In other words, the fatty acids at C-1 and 


C-3 must be identical. Therefore, stearic acid must be at C-1 and C-3. 


| 
CH, — O — C — (СН) СНз 
О 


| 
CH —O — C — (СН) СНз 
О 


| 
СН» = О = Се (СН) СНз 


37. To be optically active, the fat must not have a plane of symmetry. Therefore, the two stearic acid groups 
must be attached to adjacent alcohol groups. 


О 
|| 


CH? —O — C— (СН) 6СНз 
О 


| 
сн—0—С— (CHp)i6CH 


| 
СН» ОС = (СН) СНз 
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О О О 
|| || | 
38. а. CH,CH,CH,^ Cog $05, CH,CH,CH,~ Смс CoH CH;CH,CH, осн, 
ог 
О 


О 
|| || 


Co 
CHCHCH/ ^0 Све. ë CHCH,CH,/ “ОСН, 


or 
О 
| CHOH | 
CH,CH,CH;, ^ OH ==“ CH,CH,CH,~ “ОСН; 
i | | 
С 5001 С С 
5 сн Т? 2 сн; За _CHs(CH2):0H сн; No (CH,),CH, 
or 
О 
| || 
CH3(CH5;B 
cH, Зот 298", сн SO(CH,),CH, 
or 
| CH,(CH,),0H | 
cue 
CH; OH ——©== СНу” "O(CHj4CH; 
39. In the first step, protonation occurs on the carbon that results in formation of the most stable carbocation 


(a tertiary carbocation). In the second step, the pair of electrons of the second т bond provides the nucleo- 
phile that adds to the carbocation because, as a result of that reaction, a stable six-membered ring is formed. 


(ne + 6 
CH,=CHCH,CH,CH=CCH; НВ CH; — CHCH;CH;CH; — ССН; 
| 6 54 3 2 1| CH; 
СН» СН» 
CH; 
+0 H 
нв“ | | AB 
/ eX 4 us 
О СН» О ОСН» 
CH; Q CH; 
CH; CH; 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


О О 
|| || 


С С 
40. а. СЕНА “а + 2 CH3CH;NH5 b. № > +2 CH4NHCH5 


41. Only #2 and #5 will form amides. #1 will form an amide if it is heated to about 225 °С. 


= Рев 
С С 


H+ Bt КА 
СИОН 
ae aa 3 кс о к-с. ү 
i ТОН OH ze d 
< B чэ 
He 
QE " 
СОН 
| + *NH | + NH R t NH 
4 3 3 
R^ “он R^ “он m 
OH 
43. The relative reactivities of the amides depend on the basicities of their leaving groups: the weaker the base, 
the more reactive the amide. (para-Nitroanilinium ion has a pK, value of 0.98 and the anilinium ion has a 
pK, value of 4.58.) 
| | | 
> > C 
"4 ES / e. Z N 
CH; NH МО» CH; NH CH; NH 
B C A 


44. a. pentyl bromide b. isohexyl bromide с. benzyl bromide d. cyclohexyl bromide 


45. The reaction of an alkyl halide with ammonia leads to primary, secondary, tertiary amines, and even qua- 
ternary ammonium ions. Thus, the yield of primary amine would be relatively low. 


+ + 
RBr Ns, вн, №. RNH, 25% кн, №. R,NH + "АН, 


[Res 


" 
R4NH + Bro 


+Вг + "МН. +Br 


" 
RN -BB RN Lh. 


+ Br + *NH, 
In contrast, the Gabriel synthesis forms only primary amines. The reaction of an alkyl halide with azide 


ion also forms only primary amines, because the compound formed from the initial reaction of the two re- 
agents is not nucleophilic, so polyalkylation does not occur. 
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47. 


49. 


50. 


51. 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


a. butanenitrile b. 4-methylpentanenitrile 
propyl cyanide isopentyl cyanide 


Notice that the alkyl halide has one less carbon than the target carboxylic acid, because the alkyl halide 
will obtain a carbon from the cyanide ion. 


a. СЊСЊСЊВг b. Е с. (ew 


CH, 


a. O O Term О :05 О 
С! | | || I2 | 


С С НО: === CH;C—O—C € —C 
Ра UE COP IUS | “сн; Й NCH; 
єн № чь. сон OH + нв 
| 
. H 


B: 
ми 


b. The mechanisms are exactly the same. 


:07 О :О5 O 
О О 
S | CHOH == | О | L—- CH iz. | 
С С + 3v з MV 3a- (V v 
ZNN | "cu, | M CH; 
СНз {о СН» *OCH3 OCH, + НВ* 
е 
В: H | 
NA О О 
| | 
IN 


О О :07 
pP | „л Eo са 
w M F E 
ы Ори i N 
в” Oc a "0 \7 R^ 0 "CE 
X 
C=O 
/ 
CH; 


When an acid anhydride reacts with an amine, the tetrahedral intermediate does not have to lose a proton be- 
fore it eliminates the carboxylate ion, because the carboxylate ion is a weaker base (pK, of its conjugate acid is 
~5) than the amine (pK, of its conjugate acid is ~10), so the carboxylate ion is the better leaving group. 


Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


52. a. At neutral pH, both carboxyl groups of succinic acid will be in their basic form. 
O О о о 
| | © | 
P d C. аы AENA Cy 
О CH;CH; О: CH; О CH; 
О — 
0: | 
СН» г I lia | EN 
" + о “сн, СН; NS СН; 


к) 0 E: HB 
oie OT о=с 


Ta \ = 
CH,;CHA „0: CHCH), „О 
| | 
О О 
CH3, 7 
“б: О сн; ZO 
e O BN AZ 
NS 7 
О E——— O + О“ 
О О 


b. Without acetic anhydride, the leaving group would be hydroxide ion. Acetic anhydride causes the reac- 
tion to take place via two successive addition-elimination reactions. In both reactions the leaving group 
is acetate ion, which is much less basic than hydroxide ion and therefore a better leaving group. 


53. PDS lasts longer, because its ester linkage will hydrolyze more slowly since its alkoxide ion leaving group 
is a stronger base. You can determine which of the alkoxide ions is the stronger base by comparing how 
close the negatively charged oxygen atom is to an electron-withdrawing group. An electron-withdrawing 
group stabilizes the base, making it a weaker base and therefore a better leaving group. In Dexon, there is a 
carbonyl group attached to the СН, group that is next to the negatively charged oxygen. In PDS, there аге 
two hydrogens in place of the double-bonded oxygen in Dexon. Thus, the alkoxide leaving group of Dexon 
is a weaker base and therefore a better leaving group. 


О О 
ЊЕ о ИРЛИ 
Dexon PDS 
О О Е О 
Ц soch, | | 
54. а. СЊСНУ “ОН CHCH са CHCH СО 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


О 
| $ОСЬ Ц 2 СН3СН›МН» || 
CY oH CY “a 
О 
| 
AEN = 
СН;СН,СН,СН,СН; е а. CH3CH2C = М ћ. 
CH, 
О 
Die | | 
= У “мн, СН.СНУ” “МН; і 
СН; 
| 
б 
C. CHí “07 ма j 
CI 
| | 
С С К. 


pentanoyl chloride 
valeryl chloride 


N,N-dimethylbutanamide 
N,N-dimethylbutyramide 


(S)-3-methylpentanoic acid 
(S)-B-methylvaleric acid 


propyl propanoate 
propyl propionate 


е. 


С 
Cy 7 NHCH;CH; 


acetic benzoic anhydride 
propanoic anhydride 
propionic anhydride 


5-ethylheptanoic acid 


(R)-3-methylhexanenitrile 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


1 1 
C С 
“Son “ен, 


“он 


or 
or 
ст 
[о] 
y 


О 


a carboxylic acid will 
be in its basic form in 
a basic solution 


О 


| 


CH,CH;  ^OH + CH4OH 


Q= 


Уон + на 


О 
Ц 
2. 
Cy we 
О 
| 
h. 
су Oe 
О 
Ц 
р `оснсн; 
CH; 
О 
| 
' №0) 
H 
| o] 
C E 
О 
|| 
Cx. + | 
© OH + CH;CH,NH; CI 
О 


| 
а. CHCH; “он + CO, + CH,OH 


у= 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


a. The weaker the base attached to the acyl group, the stronger its electron-withdrawing ability; therefore, 
the easier it is to form the tetrahedral intermediate. para-Chlorophenol is a stronger acid than phenol 
so the conjugate base of para-chlorophenol is a weaker base than the conjugate base of phenol. 


b. The tetrahedral intermediate collapses by eliminating the OR group. The weaker the OR group is as a 
base, the easier it is to eliminate it. 


С > > С 
x S/N oS 


Thus, the rate of both formation of the tetrahedral intermediate and collapse of the tetrahedral interme- 
diate is decreased by increasing the basicity of the OR group. 


Because acetate ion is a weak base, the 5,2 reaction will form only a substitution product. The product of 


the 542 reaction is an ester which, when hydrolyzed, forms cyclohexanol (the target molecule) and acetic 
acid. 


| 
Вг | У СН» OH pos 
СН;СО | на! + CH; OH 
О H,O 


a. Methyl acetate has a resonance contributor that butanone does not have. This resonance contributor 
causes methyl acetate to be more polar than butanone. Because methyl acetate is more polar, it has the 
greater dipole moment. 


Я, Й | 
~“ ———— p + compared to pur 
c9 o^ 


b. Because it is more polar, the intermolecular forces holding methyl acetate molecules together are 
stronger, so we would expect methyl acetate to have a higher boiling point. 


62. 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


Propyl formate is easy to distinguish because it is the only ester that will show four signals. The other three 
esters each show three signals. 


Isopropyl formate can be distinguished by its unique splitting pattern: a singlet, a doublet, and a septet. 
The splitting patterns of the other two esters are the same: a singlet, a triplet, and a quartet. They can be 
distinguished because the highest frequency signal is due to the protons attached to the carbon that is next 
to the oxygen. For ethyl acetate it will be a quartet, whereas for methyl propionate it will be a singlet. 


О 
| 
H^ "OCH;CH;CH, 
4 signals 
О О О 
| | 
H^ “оснсн; CH; ^ ^" OCH;CH CHCH “OCH; 
| 
CH 
3 signals 3 signals 3 signals 
singlet, doublet, septet singlet, triplet, quartet singlet, triplet, quartet 
The signal farthest The signal farthest 


downfield is a quartet. downfield is a singlet. 


The reaction of methylamine with propionyl chloride generates a proton that will protonate unreacted 
amine, thereby destroying the amine's nucleophilicity. If two equivalents of CH4NH» are used, one equiv- 
alent will remain unprotonated and be able to react as a nucleophile with propionyl chloride to form 
N-methylpropanamide. 


|| || 
С + СЊАН С + Ht? + СГ 
РА я их 
CHCH Cl CH;CH;  "NHCH; 
CH3NH5 
+ 
CH3NH; 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


бул сон OH OH I con 


| = | ЊО «== CH d OH === CH с ОН === CH 5 OH 
+ НО: СС === CH3—C— == С—С 
Pd У“ oe ке. 
CH “он сну” Сон PM ‘al NR. 
OH OH OH 
ов 


m 18 
i 5 С. и CH,—C4-ÓH CH;—C—OH CH;—C—OH 
РА P d is 
CH; “он CH СО elu " НЕ 
OH OH con 
H 


b. The carboxyl oxygen will be labeled. Only one isotopically labeled oxygen can be incorporated into 
the ester because the bond between the methyl group and the labeled oxygen does not break, so there is 
no way for the carbonyl oxygen to become labeled. 


d 7 become labeled 


О 
Ц 
18 
CH; ^ “осн, 


bond does not break 


c. Inthe presence of an acid catalyst, the ester will be hydrolyzed to a carboxylic acid and an alcohol. 
Both oxygen atoms of the carboxylic acid will be labeled for the same reason that both oxygen atoms 
of the carboxylic acid are labeled in a. The alcohol will not contain any label, because the bond be- 
tween the methyl group and the oxygen does not break. 
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65. 


66. 


С 
ZN 
с. CH;CH,CH; `OH 


Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


The carbonyl IR absorption band decreases in the order: 


| | | | 

C С С С 

ZN S ZN ZTN 
CH; а CH; ОСН; CH; H CH; NH, 


When Y = СІ, delocalization of chlorine's lone pair onto the carbonyl oxygen is minimal, because of the 
poor overlap of the large Зр orbital of chlorine with the small 2p orbital of carbon. Thus, the C—O group 
of the acyl chloride has the highest IR stretching frequency. 


The predominant effect of the oxygen of an ester is inductive electron withdrawal, so its carbonyl group 
stretches at a higher frequency than the carbonyl group of the aldehyde. 


The carbonyl group of the amide stretches at the lowest frequency, because the nitrogen is less electronega- 
tive than oxygen so it is better able to accommodate a positive charge. Therefore, the resonance contributor 
on the right makes a larger contribution to the overall structure. The larger the contribution from the reso- 
nance contributor on the right, the greater the single bond character of the C—O group. 


a | 
Сул C 
p^ cw R C3 
| | | 
PES "S PEN 
а. CHÍ он 995. quí cg; SSE сы `OCH,CH,CH;, 
О О 
| | 
их os 
= C 
сн; а 5299995. ce, `OCH,CH,CH; 
О О О 
|| || || 
С С 
SN SOCh И (CH3),CH(CH3),0H Z N 
b. сн “ов = сн; бр 222222220) ë CH; а. 
О О 
| || 
С 
/ \_ Л (CH3)CH(CH)sBr 7N 
сн; g^ CECR ce, Зона, 


О О 
|| || | 


C 
и“ : ZUN 
CH,CH,CH, “і СН, (сн.сн,сну  ocgcu, 


o 


SOC 


С С 
aN CH34CH5B Z x 
CH,CH.CH, `о- ~= (OH,CH;CH; 'осњењ 


517 


67. 


68. 


69. 


518 


Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


= 


C 
/ \_ CHBr / N 
CH, O —— СН» ОСН» 
isopropyl alcohol and НСІ c. ethylamine 
aqueous sodium hydroxide d. water and HCl 


| О 

рле 
b. HN NHCH; d. CH4CH; О 
O 


с. по reaction; an amide 
will not react with water 
without a catalyst 


The offset in the NMR spectrum shows that there is a broad signal at ~ 10 ppm, which is characteristic of a 
COOH group. The two triplets and the multiplet are characteristic of a propyl group. 


CH,—CH,—CH, 


t m t 
Therefore, the compound is butanoic acid. 
О О 
| | 
С 
CH;CH;CH£/ “осн, CH;CH,CHY “он 
reactant hydrolysis product 


The molecular formula shows that the unknown reactant has one more carbon than butanoic acid; the IR 
spectrum shows it is an ester. Since butanoic acid is formed from acid hydrolysis of the ester, the com- 
pound must be the methyl ester of butanoic acid. 


Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


70. Aspartame has ап amide group and an ester group that will be hydrolyzed in an aqueous solution of НСІ. 
Because the hydrolysis is carried out in an acidic solution, the carboxylic acid groups and the amino groups 
in the products will be in their acidic forms. 


О NH, О О NH; О 
лс СД он вай, „б 
o с“ “осн, — HO^ p ws NOH + CH40H 
|| | Ц 
71. а. 1,3,4,6,7,9 will not form the indicated products under the given conditions. 
b. 9 will form the product shown in the presence of an acid catalyst. 
72. The tertiary amine is a better nucleophile than the alcohol, so formation of the amide with a positively 


charged nitrogen will be faster than formation of the new ester would have been. The positively charged 
amide is more reactive than an ester, so formation of the new ester by reaction of the alcohol with the 
charged amide will be faster than formation of the ester by reaction of the alcohol with the starting ester 
would have been. In other words, both reactions that occur in the presence of the tertiary amine are faster 
than the single reaction that occurs in the absence of the tertiary amine. 


O O O 
| N/ “№ — | = | м^ “№ 

+: ЖК = С == +: : 

я № LN и 
CH; OCH; СЕ м N: CH; OR uci 
dcr 
+ СНЗОН 
73. 1-Bromobutane undergoes ап 532 reaction with NH; to form butylamine (A). Butylamine can then react 


with 1-bromobutane to form dibutylamine (B). The amines each form an amide upon reaction with acetyl 
chloride. The IR spectrum of C exhibits an NH stretch at about ~ 3300 cm ', whereas the IR spectrum of 
D does not exhibit this absorption band, because the nitrogen in D is not bonded to a hydrogen. 


МН; СЊСЊСЊСЊВг 
СЊСЊСЊСЊВг + СН;СН,СН,СНМН, ————— — — ~ (CH4CH;CH;CH5);NH 
A B 
[| ] 
/ ES / E^ 
CHY ‘Cl +  CH4CH;CH;CHjNH5 CHí  ^"NHCH;CH;CH;CH; 
A С 
О О 
| | 
/ М / 


CHS ‘Cl + (СН:СН,СН,СН›)›МН CHí “М(СН›СН›СН›СН;)› 


В р 
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| | 
7 x "4 " 
74. а. а/ “осн; c. CH;CH,CH,NH” \NNHCH,CH;CH; 
1 Ц — СО, + HjO 
ZN Z N 
b. CH40/ ‘OCH; d. HO OH 
75. This is the reaction of an acyl chloride with an alcohol. 
О О 
| i | | 
M C 
cl HO “осн, “о “осн; 
+ 
| || | 
| | | 1 


Сење (ДУ 
76. -0^ “CECH” | “cl COH CH PSU a + CI 


| | 029 
р T 
T. a CHí ^F c. СТ NHCH, e 
o 
Dod |] 
b. но’ "CH,CH,CHjNH, cr а. но’ ‘CH,CHY “он f. HO” ^CH,CH,CH,OH 


AON „~ од 
CH; о сњон CHO 


О 
О 
О 
h. : OCH; 
О J 
О 
О 


OCH, 


ge 
+ 
—о 
С) 
т 
z 
= 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


(А ZN 
78.  CICH,CH,CH, ‘Cl + CHOH CICH;CH;CH; ОСН; + НСІ 


Compound A 


79. a. The amino alcohol has two groups that can be acetylated by acetic anhydride, the NH, group and the 


OH group. 
О 
I 
" | | Мн, CHÍ “ун | 
ZNN a 
CH; 0 ‘CH, + CH;CHCH,CH,OH CH;CHCH,CH,O Мой, 
| 
+ 2 С 
CHÍ No- 


b. Because the NH, group is a better nucleophile than the OH group, it will be the first group that is 
acetylated. Therefore, if the reaction is stopped before it is half over, the product will have only its NH, 
group acetylated. 


o 
[ 
сн{ “мн 
CH,CHCH,CH,OH 


80. If the amine is tertiary, the nitrogen in the amide product cannot get rid of its positive charge by losing a 
proton. An amide with a positively charged nitrogen is very reactive toward addition-elimination because 
the positively charged nitrogen-containing group is an excellent leaving group. Thus, if water is added, it 
will immediately react with the amide and, because the “NR; group is a better leaving group than the OH 
group, the *NR; group will be eliminated. The product will be a carboxylic acid, which will lose its acidic 
proton to the amine. 


О О О О 

| | | [ 
Zon 

CH; OH + NR; 
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Reactions of Carboxylic Acids and Carboxylic Acid Derivatives 


The amine is a better nucleophile than the alcohol but since the acyl chloride is very reactive, it can react 
easily with both nucleophiles. Therefore, steric hindrance will be the most important factor in determining 
the rate of formation of the products. The amino group is less sterically hindered than the alcohol group, so 
that will be the group most easily acetylated. 


[e n NT Lt 
[9] 
CHOH | СНОН СНОССНз CHOCCH; 
A сњса! E A A 
ecc pyridine ecc ec ec 
N " ОСМ N N 
H pyridine (a tertiary amine) | | H 
is used for the second C=O C=O minor product 
equivalent of amine | | 
СН» СН» 
major product minor product 


a. The steric hindrance provided by the methyl groups prevents methyl alcohol from attacking the car- 
bonyl carbon. 


COOH 
Н.С CH; 


СН; 


b. No, because there would Бе no steric hindrance to nucleophilic attack. 


The spectrum shows that the compound has four different kinds of hydrogens with relative ratios 2:1:1:6. The 
doublet at 0.9 ppm that integrates to 6 protons suggests that the compound has an isopropyl group. The signal 
at 3.4 ppm that integrates to 2 hydrogens indicates a methylene group that is attached to an oxygen. 
We can conclude that the spectrum is that of isobutyl alcohol. The molecular formula indicates the 
compound that undergoes hydrolysis is an ester. Subtracting the atoms due to the isobutyl group lets us 
identify the ester as isobutyl benzoate. 


0 | 
| 
С С 
1 N 
`оснуснсн, ur OH 4 HOCH;CHCH; 
CH, CH; 
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84. a. The electron-withdrawing ester group makes its a-carbon more susceptible to nucleophilic attack than 
the B-carbon. 
| 
О С 
„== | “м 
OH б: С OCH’ “ОСН: 
K;CO; £N | 
——— Br — dd ОСН; СЊВг 
он он Св: OH + Br 
A 
| О 
| О 
С С 
PES | 
b. OCH/ “ОСН: OCH,CH^ “осн: Ox ee 
| но“ | OCH; 
СЊВг = CH» Br 
ОН + Br 0 = О ВЕ 
А В 


The intramolecular formation of В will occur more rapidly than the intermolecular formation of A 
because, in the reaction that forms B, the reagents do not have to wander through the solution to 
find one another. 


85. а. CH,COOH + CH4CH;OH === CH4CO;CH;CH, + H2O 
к__ ICHSCOSCH;CH,] [60] 
7^  [CH4COOH] [CH4CH5OH] 


x? 


(eras 


take the square root of both sides 


4.02 = 


x 
(1- x) 
2-2х = х 
2 = Зх 
х = 0.667 


[ethyl acetate] = 0.667 times the concentration of acetic acid used 


2.00 = 
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2 
b 4022 ——— —— 
(10— x) (1-3) 
2 
4.02 = ————— 
x^ —11x410 


4.02 (x? 2 11x +10) = х2 
302x^ = 4422x402 = 0 


solving for x using the quadratic formula: 
x = 0.974 


[ethyl acetate] = 0.974 times the concentration of acetic acid used 


x 


~ (100—3)(1— x) 
x = 0.997 


[ethyl acetate] = 0.997 times the concentration of acetic acid used 


86. Each of the NMR spectra has signals between about 7 and 8 ppm (integrating to 5H), indicating that the 
compound has a benzene ring with one substituent. There is one additional signal that is a singlet. From 
the molecular formulas it can be determined that the esters have the following structures. The singlet in 
each spectrum is due to a methyl group. Because the methyl group is at a higher frequency in the lower 
spectrum, it is the spectrum of the compound on the right, since its methyl group is adjacent to an electron- 
withdrawing oxygen. The compound on the left will be hydrolyzed more rapidly because its OR group is a 
weaker base. (The pK, of phenol is ~ 10; the pK, of methanol is ~ 16.) 


О 
| 
Д) Cr = 
CHÍ > о 
| | | 
С С С 
Z'N y S $ОСЬ JON 
87. a. CH3CH2 МН» НОА CH3CH5 OH > СЊСН Cl 
2 
SOCI, "сем == 
b. СЊСЊСЊСЊОН СН+СН›»СН»СН»С1 СН+СН›СН»СН›С=М 
H20 | HCI, A 
О 
| 
+ LN 
NH, + СЊСЊСЊСН OH 


aA=o 


О 
| 


CH,OH Ce excess 
CY H,CrO, CY OH soci, ^C сн, CHNH,-— ^y NHCH; 
^ 
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d. 
CH; Br OH 
NBS, A "CEN сұ H,O 
peroxide HCl, A О 


88. The acid-catalyzed hydrolysis of acetamide forms acetic acid and ammonium ion. It is an irreversible reac- 
tion, because the pK, of an acetic acid is less than the pK, of the ammonium ion. Therefore, it is impossible 
to have the carboxylic acid in its reactive acidic form and ammonia in its reactive basic form. 


If the solution is sufficiently acidic to have the carboxylic acid in its acidic form, ammonia will also be in 
its acidic form so it will not be a nucleophile. 


N + : 
СН; ОН + NH, = noreaction 
The ammonium ion is not nucleophilic. 


If the pH of the solution is sufficiently basic to have ammonia in its nucleophilic basic form, the carboxylic 
acid will also be in its basic form; a negatively charged carboxylate ion cannot be attacked by nucleophiles. 


О 
Ц 
CHÍ No + NH, — 10 reaction 
The carboxylate ion is not attacked by nucleophiles. 
О 
89. а. О b. 
CH5CH3 
f X: N B Ei К АЯ 
90 а. R’—OH R’_ OH = R—C=NR’ 
К-С = N Li ) 
H,0: | 
К NHR’ К R R 
N а , \ , , 
С C=NHR’ = C=NR = = C—NR 
| | | 
+ + 
О Стон ОН C OH 
а“ 
\ В + nis P 
| UP 
R NHR' 
~ 
С + HB* 
О 
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b. The Ritter reaction does not work with primary alcohols, because primary alcohols do not form 
carbocations. 


c. The only difference in the two reactions is the electrophile that attaches to the nitrogen of the nitrile: it 
is a carbocation in the Ritter reaction and a proton in the acid-catalyzed hydrolysis of a nitrile. 


ca фсе 


С 
91. <=“ js 


N. Мо 
ie d | 


А af CH; 
HO: 


3 
| + CF3;CH,O- 
=, ОН 
| С» 
ЕЕ “он —— OE: CA 
Мсн 
Zo HO 3 
H^ "cf | 10. 
| H 
СНз + НО“ 
| О 
| 
AS. s 
М 20 
a S с 2 
CH; + H2O 
92. An enzyme called penicillinase provides resistance to penicillin by using its CH,OH group to open ће 


four-membered ring. 


2 T N NH 
eb YT. — E Qn —— 0 Or > 
E «s | 
о) NOS 
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The inhibitor of penicillinase has an excellent leaving group, so it readily reacts with nucleophiles. When 
the CH,OH group of penicillinase attacks the inhibitor, a relatively stable phosphonyl-enzyme is formed, 
so its OH group is no longer available to react with penicillin. (The two sets of double arrows indicate for- 
mation and collapse of the tetrahedral intermediate.) 


a phosphonyl-enzyme 


+ HO 


COO 


Hydroxylamine (H,NOH) reactivates penicillinase by liberating the enzyme from the phosphonyl-enzyme. 
(Unlike alkylation reactions with hydroxylamine where nitrogen is the nucleophile, it is known that oxy- 
gen is the nucleophile when hydroxylamine reacts with phosphate esters.) Again, the two sets of double 
arrows indicate formation and collapse of the tetrahedral intermediate. 


H,NOH 


93. 


HO 
HCl 
NHCO,CH; 


N^ COCH; = Na 
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5- 8- ô- 
HO. _ HO. „о 
94. а. НО C. HO С. 8- 
bu а 5 NO; P dicii D NO; 
О 


transition state if formation of the 


transition state if collapse of the 


tetrahedral intermediate is rate-limiting tetrahedral intermediate is rate-limiting 


O O 
i i 
b. SEAN х H20 NEN ue € 
N О МО М H + HO МО» 
P 2 на ÁN O 
H 
с. ab dad d 
о ge 
О О 4 
О МО» 
ог МН 


Because electron-withdrawing substituents have positive substituent constants and electron- 
donating substituents have negative substituent constants, a reaction with a positive p value is one in which 
compounds with electron-withdrawing substituents react more rapidly than compounds with electron- 
donating substituents, and a reaction with a negative p value is one in which compounds with electron- 
donating substituents react more rapidly than compounds with electron-withdrawing substituents. 


95. 


electron donation increases 
the rate of the reaction 


electron withdrawal increases 
the rate of the reaction 


log rate 
log rate 


= 
N 


0 2 —2 
o o 


-2 


In the hydroxide-ion-promoted hydrolysis of a series of ethyl benzoates, electron-withdrawing sub- 
stituents increase the rate of the reaction by increasing the amount of positive charge on the carbonyl 
carbon, thereby making it more readily attacked by hydroxide ion. The p value for this reaction is, 


therefore, positive. 


a. 
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In amide formation with a series of anilines, electron donation increases the rate of the reaction by in- 
creasing the nucleophilicity of the aniline. The p value for this reaction is, therefore, negative. 


= 
C 


^g 


HN Y 


b. Because ortho substituents are close to the site of the reaction, they introduce steric factors into the rate 
constant for the reaction. In other words, the presence of an ortho substituent can slow a reaction down, 
not because it can donate or withdraw electrons but because it can get in the way of the reactants. 
Therefore, any change in the rate is due to a combination of steric effects and the electron-donating or 
electron-withdrawing ability of the substituent. 

Because the change in rate cannot be attributed solely to the electron-donating or electron-withdrawing 
ability of the substituent, ortho-substituted compounds were not included in the study. 


c. Anelectron-withdrawing substituent will make it easier for benzoic acid to lose a proton, so ionization 
of a series of substituted benzoic acids will show a positive p value. 
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Practice Test 
1. Circle the compound in each pair that is more reactive toward nucleophilic addition-elimination. 
| | 
"4 а" "4 ~ 


а. СНУ ‘OCH; or СНУ ~NHCH, 


О 
i | 
С 
4. сн w “сн; or CHÍ ^a 
2. What is each compound's systematic name? 
О 
а. 
н 
О 
» a2). 
OH 
с. | OCH; 
O 
O O 
a AA 
О СН» 
3. Give an example of each of the following: 


а. asymmetrical anhydride 
b. a hydrolysis reaction 
c. а transesterification reaction 


d. aminolysis of an ester 
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What carbonyl compound would be obtained from collapse of each of the following tetrahedral 
intermediates? 


OH O 
a CH,—C—NH; € СН; = C— МН, 
OH OH 
OH OH 
b. CH3;—C—OCH3 d. СНз = С —OCH, 
+ QH OH 


What is the product of each of the following reactions? 


HCI 


a. CH;CHC=N + HO A »- 
О 
| 
7 HO- 
b. СН.СН>  'OCH;CH, + ЊО А 
| o] 
С С 
с. CH,CH,CH- Ed \CH,CH, + Њо 
О 
| 
d. CH,CHY ^a + 2 CH3CH2NH> 
О 
| 
e СІ 
е. OCH, + CH;CHOH 19 


excess 


Show how the following compounds can be prepared from the given starting material. 


a. СН;СН,СН,Вг CH;CH,CH,CH,NH, 
|| 
т 


b. CH4CH;CHjBr CH;CH;CH; [e CH; 
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7. What is the product of each of the following reactions? 
О 
| 
AN 1. SOC 
a. CH4CH;CH; OH puc meer ad CH;CH,CH;OH 
О 
| 
A г 
b. CH,CH; "^NHCH, + њо ma 
О 
| 
c. CH,CHÍ “0 b Hg На 
excess 
О 
а 1.HO^ 
| 2. CH3CHyCH>B 
NH 3CH5CH5Br 
3. HCl, НОО, A 
О 
| 
C С + CH,CH,OH 
о “Ot "CH, 
Answers to Practice Test 
О 
| | | | 
С 
JON / JON JON 
1. a. СН; ОСН; Ь. СН; == с. СНз o— у, d. CH; Cl 
2. a. N-ethylpentanamide c. methyl 4-phenylbutanoate 
b. 3-methylpentanoic acid d. ethanoic propanoic anhydride 
О О 
| | 
3. а. CH3CH> О СН»СН» 
О 


\ Ра“ 
b cH: cl + НО CH ‘он + HCl 


Any reaction in which a reactant is cleaved as a result of 
reaction with water. 
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с. С + CH3CH50H + CH30H 
Кач ZN 
CH; ‘OCH; CH; `OCH:CH; 
d | + — CHNH А | + СНОН 
их = FN i 
CHY “осн, CHí ‘NHCH; 
О 
i | | 
€ 
/ 7 
a. CHí “он b. CHÍ OCH, c. CHY “мн, d. CH 
О 
| Ц 
PS + os " + 
a. CHCH ‘OH + NH, d. CHCH ^NHCH;CH, + СГ + CH,CH,NH; 
О О 
Ц | 
C 
FOR. N 
b. CHCH `О- + CHAOHSOH е. OCH;CH, + СНзОН 
О О 
| | 
C 


C 
c. CH;CH,CHY “он + CH,CHY “он 


ре : 
CEN, GOHGCHQCHQUIN <*> СНзСН›СН›СН»МН» 


a. CH3CH3CH3Br Raney Ni 


с==О© 


HCl, ЊО 
— CH,CH,CHY Хон 


b. CHCHCHBr -C= снзсн›сНн›С=М 
Ѕ0С1, 

о о о О 

| | l || 


С С S С 
СН. o7 
CH,CH,CHY 4 “ен, M CH,CH,CHY ^a 
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О 

| 

/ кх. 

7. a. CH3CH2CH> ОСН»СН»СН» д. CH;CH,CH,NH; 
| | | 
|| 
C C + C 
+ ZN И N 
b. CH;CHY “он + CH;NH; e. СН; сосњен, сн; ‘OH 


О 
|| 


С 
с. сн.сн/ Хон + == 
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Important Terms 


acetal 


aldehyde 


catalytic hydrogenation 


chemoselective reaction 


conjugate addition 
(1,4-addition) 


cyanohydrin 


deoxygenation 


direct addition 
(1,2-addition) 


disconnection 
dissolving metal reduction 
enamine 


gem-diol (hydrate) 


hemiacetal 


hydrate 


OR OR 
cce: or "e NES 
ок бк 
О 
| 
Ун 


addition of hydrogen to a double or triple bond in the presence of a metal catalyst. 


a reaction in which a reagent reacts with one functional group in preference to 
another. 


nucleophilic addition to the B-carbon of an a,6-unsaturated carbonyl compound. 


OH 


R—C—C=N 
R'(H) 
removal of an oxygen from a reactant. 


nucleophilic addition to the carbonyl carbon of an o,B-unsaturated carbonyl 
compound. 


breaking a bond to carbon in a retrosynthetic analysis to give a simpler molecule. 
a reduction using sodium or lithium metal dissolved in liquid ammonia. 
an o, B-unsaturated tertiary amine. 


a molecule with two OH groups on the same carbon. 


|“ он 
жа ог ке 
OR OR 


a molecule with two OH groups on the same carbon. 


From Chapter 17 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 
by Pearson Education, Inc. All rights reserved. 
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hydrazone 


imine (Schiff base) 


ketone 


nucleophilic addition 
reaction 


nucleophilic addition- 
elimination reaction 


oxime 


pH-rate profile 


phenylhydrazone 


protecting group 


reduction reaction 


reductive amination 


synthetic equivalent 
synthon 


Wittig reaction 


ylide 
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R 
N 
C—N-—NH; 
(H)R 


a reaction that involves the addition of a nucleophile to the carbonyl carbon of an 
aldehyde or a ketone. 


a reaction involving nucleophilic addition to a carbonyl group to form a tetrahedral 
intermediate, which then undergoes elimination of a leaving group. Imine forma- 
tion 15 an example: an amine adds to the carbonyl carbon, and water is eliminated. 


R 
x 
C=N—OH 
(H)R 


a plot of the rate constant of a reaction versus the pH of the reaction mixture. 


R 
N 
C=N— МНС;Н; 
(H)R 


a group that protects a functional group from a synthetic operation that it would 
otherwise not survive. 


in the case of an organic molecule, a reaction in which the number of C — H bonds 
is increased or the number of C—O, С— М, or C — X (X = halogen) bonds is 
decreased. 


a reaction of an aldehyde or a ketone with ammonia or with a primary amine in the 
presence of a reducing agent. 


the reagent actually used as the source of a synthon. 
a fragment of a disconnection. 


a reaction of an aldehyde or a ketone with a phosphonium ylide, resulting in the 
formation of an alkene. 


a compound with opposite charges on adjacent covalently bonded atoms with 
complete octets. 
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Solutions to Problems 


1. If the carbonyl group were anywhere else in these compounds, they would not be ketones (they would be 
aldehydes) and, therefore, would not have the “one” suffix. 


2. a. 3-methylpentanal, 6-methylvaleraldehyde 
b. 4-heptanone, dipropyl ketone 
c. 2-methyl-4-heptanone, isobutyl propyl ketone 
d. 4-phenylbutanal, y-phenylbutyraldehyde 
e. 4-ethylhexanal, y-ethylcaproaldehyde 
f. 1-ћергеп-3-опе, butyl vinyl ketone 
3. a. 6-hydroxy-3-heptanone b. 2-oxocyclohexylmethanenitrile c. 4-formylhexanamide 
4. a. 2-Heptanone is more reactive because it has less steric hindrance. There is little difference in the 
amount of steric hindrance provided by the propyl and the pentyl group at the carbonyl carbon (the site 
of nucleophilic addition) because they differ at a point somewhat removed from the site of nucleophilic 
addition. However, there is a significant difference in size between a methyl group and a propyl group 
at the site of nucleophilic addition. 
О 
| || 
"4 e. / N 
СНз  `СН›СН›СН›СН›СНз  СЊСЊСНо СН»СН»СН» 
2-һерїапопе 4-һерїапопе 
b. Chloromethyl phenyl ketone is more reactive because chlorine is more strongly electron withdrawing 
than bromine since chlorine is more electronegative. Withdrawing electrons inductively away from the 
carbonyl group makes the carbonyl carbon more electrophilic and, therefore, more reactive toward a 
nucleophile. 
] j 
C C 
CH,Br осња 
bromomethyl phenyl ketone chloromethyl phenyl ketone 
a T HO СН» 
5. a. CH4CH;CHCH; b. аа с. 
СН» 
| | 
/ ES "4 E 
6. сн;  'CH;CH, + CHs3CH;CHoMgBr or  CH&4CHi  "CH;CH;CH, + CH3MgBr 
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7. a. Two stereoisomers are obtained, because the reaction creates an asymmetric center in the product. 
Ц OH CHCH; 
Z N 1. CH;CH)MgBr 
CH3 CH2CH2CH3 PT S CH3 CH2CH2CH3 СН; СЊСЊСНз 
(Hs 


CHCH; OH 
(S)-3-methyl-3-hexanol (R)-3-methyl-3-hexanol 


b. Only one compound is obtained, because the product does not have an asymmetric center. 


О 
|| он 
1. CH3MgB | 
CHÍ “снсњсн; + чы А 
3 
CH; 
8. a. Solved in the text. 
O 
| 
AN 
b. 1. Solved in the text. 4. СНз OR + 2CHs;CH,MgBr 
j i 
Ps IN 
2. СН; ‘OR + 2CH;MgBr 6.CHí ‘OR + 2 =“ 
9. If а secondary alcohol is formed from the reaction of a formate ester with excess Grignard reagent, the 


two alkyl substituents of the alcohol will be identical because they both come from the Grignard reagent. 
Therefore, only the following two alcohols (B and D) can be prepared that way. 
синен бис нона; 
OH OH 


d E 05 15 


CH3CH» —— MgBr 


C T жо 
ZN | РЕЋИ 
СН; "MAN. CHCH; СН; CH>CH; 


CH3CH; —MgBr 


Y 
OH О" 


| о 
CH3— C— CHCH} = СНз — C — СЊСНа 


CHCH; CHCH; 
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11. A and C will not undergo nucleophilic addition with a Grignard reagent. A has an H bonded to a nitrogen 
and C has an H bonded to an oxygen; these acidic hydrogens will react with the Grignard reagent, convert- 
ing it into an alkane, before the Grignard reagent has a chance to react as a nucleophile. 
B will undergo a nucleophilic addition-elimination reaction with the Grignard reagent to form a ketone. 


This will be followed by a nucleophilic addition reaction of the ketone with another equivalent of the 
Grignard reagent. The product will be a tertiary alcohol. 


O 
NaOCl 1. CHMgBr H,SO, 
и de е_———+. E E 
S 2. H0* 
b. NaOCI 1. CHCH;MgBr BEN 
SECUN 2. H,0+ 


H, | Pd/C 


on 


12. a. 


OH Br MgBr | 
c HBr Mg 1. CH,CH 
А ЕБО 2.НзО* 
o 
| од ОН 
= NaNH; |... CHCHCH u HCI __| 
13. a. HC=CH > нс=< - HC=CCHCH,CH; —~ HC=CCHCH,CH, 
NaNH; E CH3Br NaNH; = 
b. HC=CH > нс=< - HC=CCH; C=CCH; 


O 
NN HCI MA 
CHC—CCH, -— CHC=CCH; 
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NaNH; _ СЊСЊВг NaNH, 
с. НСЕЕСН > нс=< = HC=CCH,CH; 


‘C=CCH,CH; 


OH (од 


| HCl 
сњсс=ссњен, — CH CC CCH;CHS 
СН; СН; 


Notice that ethyne must Бе alkylated before it reacts as a nucleophile with the carbonyl compound. The 
reaction that follows shows that if ethyne is alkylated after nucleophilic addition to the ketone, alkyla- 
tion on oxygen will compete with alkylation on carbon. 


| о" o7 OCH>CH3 
CH;CCH; mE NaNH; | _ CH4CH5Br __ 
-c=cH ===, а С 2 свв. 
СН; CH; CH; 
14. Similar to the way a Grignard reagent reacts with an ester, an acetylide ion first undergoes a nucleophilic 


addition-elimination reaction with the ester to form a ketone; this is followed by a nucleophilic addition 
reaction to form a tertiary alcohol. 


| | || їй 
С кС=С-_ R—C—OR С 1. RC=C R—C—C=CR 
RC “ов | BC ^e =CR 2. pyridinium | 
C chloride С 
I + ВО | 
R a ketone R 


a tertiary alcohol 


Notice that the alkoxide ion is protonated by pyridinium chloride rather than by НСІ ог H4O” that would 
add to the triple bonds. 


15. The reaction is carried out with excess cyanide ion in order to have some unprotonated cyanide ion to act 
as a nucleophile. НСІ is a strong acid, so it dissociates completely and protonates the cyanide ion. Thus, 
there is no HCl in the reaction mixture. So HCN is the only acid available to protonate the alkoxide ion. 


HCl + -C=N HC=N + СГ 


16. No, an acid must be present in the reaction mixture in order to protonate the oxygen of the cyanohydrin. 
Otherwise the cyano group will be eliminated and the reactants will reform. 


17. Strong acids like НСІ and H5SO, have very weak conjugate bases (СІ and HSO% ), which are excellent 
leaving groups. When these bases add to the carbonyl group, they are readily eliminated, reforming the 
starting materials. Cyanide ion is a strong enough base to not be eliminated unless the oxygen in the prod- 


uct is negatively charged. 


18. Solved in the text. 
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19. | 


. снзсн,вг М. снзсн›мевг Sè. снзсн;” “он 
ЕБО 2. ЊО 6 


T 


2. CH3;CH,Br C=“ CH;CH)C=N DL CH;CH/ “он 
он 
20. а. снуснсн;он b. (уо с. emacc( уон а. (скок 
CH; 
CH,OH 
21. а. CH,CH,CH,CH,OH + CH,CH,OH c. 2 
+ CHOH 
b. CH,OH d. CH,CH,CH,CH,CH,OH 
О 
| | | 
C 
pow ^ NHCH; pw 
22. a. H/ ^NHCH; or с. CHí "NHCH;CH 
О О 
Ц | 
С 
b. CHí “мн, d. CHÍ ^NCH;CH, 


CHCH; 


23. a LLiAlH, 2. ЊО 
b. HCI, ЊО, A 
с. 1. НСЬНО,А 2.LiAIH,  3.HCI 


24. а. (смо с. (уо 


b. СЊСЊСЊСНЊМН d. по reaction 
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25. 


26. 


27. 


28. 


29. 


30. 
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О 
Ц 
ZN 
CH4CH—CH H 
Е - 1. NaBH, 
ane 
| р Pd/C Hs nickel B 
и S. 
CH,CH;CH; `H CH;CH,CH,CH,OH CH4CH—CHCH;,OH 


The multiply bonded carbons of alkenes and alkynes do not possess a partial positive charge so they do not 
react with the negatively charged hydride ion. The multiply bonded carbons of imines and nitriles do react 
with hydride ion because the carbons possess a partial positive charge since they are bonded to a relatively 
electron-withdrawing nitrogen. 


зш 2 8 
ie 
:H H 
ia m 
а. СНСН» ©. СЊСОСНз 
| OH 
Е СОСН; 4 СН>СН>ОН 
+ CHOH 


The nitrile reacts with the Grignard reagent to form an imine, which can then be hydrolyzed to a ketone. 


/\ aS HCl Ке НСІ Sa 
R—C=N + R’>MgBr —— = С= МН C=O + "NH, 


Nao й њо Ж 
R’ R’ R’ 


The OH group withdraws electrons inductively and this makes the ammonium ion a stronger acid. 


<——— 


+ + 
НО —NH, СН. — МН; 


Figure 2 for imine formation when the amine is hydroxylamine (pK, of its conjugate acid = 6.0) shows 
that the maximum rate is obtained when the pH is about 1.5 units lower than the pK, of the amine’s conjugate 
acid. Thus for an amine such as ethylamine whose conjugate acid has a pK,~ 11, imine formation should be 
carried out at about pH = 9.5. 
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31. 
| ae ERE 
a. fraction present in the acidic form = —— —— = 
K, + [H7] 
[H*] _ 3.2 X 1075 
K, + [HĦ] 3.2 x 107 + 3.2 x 1075 
— 33 xX 1075 
3.2 X 107 
=i 10 
| | » _ [H7] 
b. fraction present in the acidic form = == 
К. + [H7] 
[H*] _ 3.2 X 107? 
К+ [Ht] 3.2 x 107 + 3.2 x 1072 
BLUE 
32 x 107 
= 1107" 
fracti аара Е 
с. raction present 1n the basic torm = : + [H*] 
K, Е 1.0 x 1076 
к. + [H'] 10 х 107% + 3.2 x 1072 
_ 10% 10° 
32 x 10? 
= 3.1 x 107° 
32. а. b. 
OH 
# 
= C—N 
H NH, CH4CH; 
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33. a. Notice that both of these mechanisms have a feature that we have seen in many mechanisms— 
formation of three tetrahedral intermediates: first a protonated tetrahedral intermediate, then a neutral 
tetrahedral intermediate, and then a second protonated tetrahedral intermediate. 


R R NHR 
/ и 
1. м +H = x + HO: === 
СИ, Ny oe TE 
OH 
a protonated C | 


; tetrahedral В: иН 
intermediate 


neutral tetrahedral 
intermediate 


ЮР 


А 
+ + a а 

О: + RNH; === OH + RNH, === 
con 


protonated tetrahedral 
intermediate 


B-carbon 


MEN 
+ 
МНЕ» 
+ NEN t "T HEN e 
О: + RNH? OH + кун = 
CG 


b. The only difference is the first step of the mechanism: in imine hydrolysis, the acid protonates the 
nitrogen; in enamine hydrolysis, the acid protonates the B-carbon. 
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34. а. trace Ht 
о + CH;,CH,NH, = NCH;CH, + Њо 
trace Н+ „сна 
О + СЊСОЊАН — Ne + H,O 
| СН»СН» 


CH;CH; 


_trace H* H* 
nag O + CH3(CHj;NH; = N(CHj4CH, + ЊО 
trace Ht 
N O + NH, ~~~ i + H,O 
CH, 


35. A tertiary amine will be obtained, because the primary amine synthesized in the first part of the reac- 
tion by reductive animation will react with the excess carbonyl compound, forming an imine that will be 
reduced to a secondary amine. The secondary amine will then react with the carbonyl compound, forming 
an enamine that will be reduced to a tertiary amine. 


Gn NaBH,CN R,»C=O R,»C=O 
В2С=0О + NH; RoCHNED савија ЮСНМНСНВ {igi cy” (СН) 
primary secondary tertiary 
amine amine amine 
| 
. . СН Cc р С 
36 а a о № СНС „С 
С О 
| | 
О 
se ы. {А 
| Ог но OH 
AN > | H | п 
bd d и каа ве. 
ОН ОН 
38. Because ап electron-withdrawing substituent decreases the stability of a ketone and increases the stability 


of a hydrate, the compound with the electron-withdrawing nitro substituents has the largest equilibrium 
constant for addition of water. 


ОМ МО» 
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39. The electron-withdrawing chlorines decrease the stability of the aldehyde (and therefore decrease its 
concentration), increasing the equilibrium constant for hydrate formation compared to, for instance, 
acetaldehyde. 

K [hydrate] 
the concentration Eo s [aldehyde] [H20] 
is decreased 
40. a. hemiacetals: 1,7, 8 
acetals: 2, 3, 5 
c. hydrates: 4, 6 
41. a. Hemiacetals are unstable in basic solution, because the base can remove a proton from ап OH group, 


thereby providing an oxyanion that can expel the OR group (since the charge that develops on the oxy- 
gen in the transition state is negative) and form a stable aldehyde. 


:—H :б= 
|-> 


| _ О 
R—C—H _HO | R—C—H | 
T ER C t VIN + ВО" 
ОК Сов R H 


b. In order for an acetal to form, the СЊО group in the hemiacetal must eliminate an OH group. 
Hydroxide ion is too basic to be eliminated by а СЊЗО group (since the charge that develops on the 
oxygen in the transition state is positive) but water, a much weaker base, can be eliminated by а СНО 
group. In other words, the OH group must be protonated before it can be eliminated by a СЊО group. 
Therefore, acetal formation must be carried out in an acidic solution. 


:OCH 
C 
e —х- 


:бсн» +OCH3 
со = 
R—C—H >= 2 
< RW 

OH 

H 


c. Hydrate formation can be catalyzed by hydroxide ion because a group does not have to be eliminated 
after hydroxide ion attacks the aldehyde or ketone. 


(од ОН 
| HO- | њо | 
„Су == кеа m 
OH OH 
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42. When a tetrahedral intermediate collapses, the intermediate that is formed is very unstable because of the 
positive charge on the sp” oxygen atom. In the case of an acetal, the only way to form a neutral species is to 
reform the acetal. 


H 
A RO: 
А с? 
- = <r ) 
| | к ZH 
R—C—H == R—C—H === | 
i ne Gor 
acetal unstable 


In the case of a hydrate, a neutral species can be formed by loss of a proton. 


H 
E :В НО: 
fi и - 
| e Ro оН вн | 
R—C—H —— R—C—H — + НВ 
| | || 
:OH Сон *OH + НО О: 
hydrate unstable 
OH 
43. a. OF b. NaBH; because it is not strong enough a reducing agent to 


reduce the less reactive ester 


both groups would 
be reduced 


44, An acetal has a very poor leaving group (e.g., CH3O ). 


pem 
СН; — | —H 
OCH; 


45. If the OH group of the carboxylic acid is not protected, both OH groups will be converted to COOH 


groups. 
O О М О 
SOCI, T X 
HO ая pyridine с — ч с=т Ne P 
SN 
на | HO 
А 
O 
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46. If the yield of each step is 80%, the yield of B is 80%; the yield of C from B is 80% times the yield of B; 
the yield of D from C is 80% times the yield of C; and so on. 


a А — В —— С SE ЮУ === в. == E === а 


80% 0.80 х 0.80 ^ 0.80x0.64 0.80х0.51 0.80х041 0.80 x 0.33 
64% 51% 41% 33% 26% 
b. G — H — 1 
26% 0.80 х 0.26 0.80 x 0.21 
21% 17% 
jd ii 
47. а. do w^ “ae сн» imidazole, снн 77 m 
СН» CH3 
Me | BLO 
Јн 
снуют 77 Meli 
CH; 
|сњен=о 
СН» CH3 
|| но" |. 
(CH),CSio® “ү : (CHy.cSio 7 ~~ “ү 
| OH | од 
СН» CH3 


„>“ шиши МЕ 


OH 
ЖО. БОИ © 
b. HO, A ü x d Dues cesio, n A 
CH3 CH3 
| crimes 
T? OH T o- 
H40* 
cego 2С, з cego 2, 
CH3 CH3 


JANN 
OH 
но | 
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c. The carbonyl group has to be protected to prevent it from reacting with the Grignard reagent. This syn- 
thesis is easier to understand if the CO, needed in the third step is written as О=С=О. 


49. 


| 
Cs. 
H S HU o 
 HOCH,CHOH Er о= Эи, 
Sa 
НСІ | H,O 
О 
| 
“н 
СООН 
О 
| 
а С с. О 
О СН,СН; 
СН; 
О 
[ 
О 
N 
b OH d X 
О 
а. 
1. Solved in the text. 3. (C6Hs)29C =O + CH3CH=P(CoHS)3 


or (СеНјС=Р(СеНоз + CHCH —O 


2. О + CH4CH;CH = P(C6H5)3 4. CH—O + CH—PR(CgH35 


or ЕСТ + CH4CH;CH—O E ( Seinen + dH 
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b. 


1. Solved in the text. 2. CH3CH2CH Br 3. CH3CH2Br 4. CH;Br 
or or 


. Br (C6Hs)2CHBr (> СН,Вг 


с. The preferred pair of reagents is the pair that has the ylide synthesized from the less sterically hindered 
alkyl halide. 


1. Solved in the text. 2. СН;СН,СН==Р(С;Н;); 3. СЊСН—Р (СЕН) 4. CHj—P(C4H3); 


+ + 


Өз (C.H.),C=0 CM CH—O 
Br OH 
50. a. но" CY 


The above synthesis of cyclohexanol will also form an elimination product (cyclohexene). 

The following procedure will give a greater yield cyclohexanol, because the substitution product is 
favored over the elimination product by a weak base. The substitution product can be hydrolyzed to the 
target molecule. 


Br e CH; 
miss Н моа 1. CHMgBr 
OH 
но” CH,COOH Lo 2. HCl 
excess 


H5SO, 
А 


CH; 


О 
Вг MgBr | CH,0— СНОН 
b. Mg HCH H340* 
Et,O 


Br MgBr СОО" СООН 


CO; ој 
—— 


ог 


НСІ, H,O 
EET 


22 
Вг | с СООН 
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Br CuLi о CH,CH,OH 
d. 1. Li LLN 
2. Cul 2. HCI 
2 
+ + 
Br Р(СЕН;); _ P(CéHs)3 
е. CY P(CHs)3 Е РЕ Cy g 


CH; CH; 


n Br MgBr CHCH, CHCH; 

Mg CHCH —O |_ H5SO, 
ыр Е Е + ЊО 

2 
Ht 
CI CHCH; А СН»СН» 
HCl -H* 
CH;CH3 
+ H,O 


51. 
н 
а. CIA b. CX c. сыны, d. CH;CH—CHCH;OH 
О OH | 
C 


CH; СН; 
|| steric hindrance strong base favors strong base favors 
N at the B-carbon direct addition direct addition 


weak base favors 
conjugate addition 


favors direct addition 
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Conjugate addition occurs in a and с because the nucleophile is a relatively weak base. Nucleophilic 


addition-elimination occurs in b because the cabonyl group is very reactive. Because excess base is used in 
part d, both nucleophilic addition-elimination and conjugate addition occur. 


52. 
О 
| 
а. CHSCHCHS “осн, 
Вг 
О 
Ц 
b. CH,CH—CH^ “осн; 
О 
Ц 
И N 
53. а. снн H 
CH, 
O 
Ц 
Z N 
b. СН;СН=СНСН›СН; `H 
O 
I 
JON 
с. сы ннн; снн нен; 
СН. CH; 
54. a. чн. ы 
CH,CH/ ^H 
|“ 
М 
| 
\ 
b CH,CH, 
OH 


с. СН;СН,СНСН; 
OH 


d. CH;CH,CCH,CH; 
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H 


О 
I 
ci cuc “осн, 
NH; 
О 
Ц 
YN 
снн; NH, 
NH, 
f | 
и \ 
4. g Е ea 
CH; Br 
О 
i: | 
С 
е CHÍ bod “ен, h. ^u 
О 
i А 
и . Б“ 
f. CHCH `сиснусн.сн; 1. сн{ Зенсњену H 
Br CH, 
e. СЊСЊСЊСЊОН + CH;CH,OH 


[| 


O O 
Nf 
HUS 


f CH,CH,CH; “СН; 
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55. The greater the steric hindrance at the site of nucleophilic addition, the less reactive the carbonyl compound. 


OT c 066 


О 
|| 
56 а О P "Du — 
. . | "hm R'CH=CH, 
JN 1. NaBH, 1. R,BH/THF 
R oH 2.H30" но но, ЊО 
1. LiAIH4 
T | P. RCH>Br 
| US 1. СНУСОО- 
С 2. HCI, H,O 
LN 1. ДАН, HI 
R "OR - —-  RCH;0H RCH,OCH; 
2. ЊО 
(К) Сила 
О | NaBH, 2. НзО+ 
| 1. NaBHy \ 1. RMgBr 
2.H30" |2. њо" 2. H0* О 
SN di un 
R CI LA 
| o] 
С С Н2С=0 
Z Na N 


b. The reaction of an organocuprate with ethylene oxide and the hydroboration/oxidation of an alkene 
both lead to Е'СЊСЊОН. Because this alcohol does not have a methyl group on the B-carbon, these 
two methods cannot be used to synthesize isobutyl alcohol. 


R'CH;CH5OH cannot lead to кырыгын 
СН; 
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57. а. СНзСН2СН» ,H d. {_у—сшн reduction 
с=с 
Pd 


“сн; 


reduction 
CHOH 


b. CH3CH»CH,NHCH; reduction e. + СНОН 

reduction 

C. ( У-ст 
reduction 


oxidation 


Q=0 
/ 
© 
т 


O OH 
58. a. i 2 1. NaBHy a, 
2. H30* 
мы М2 
O OH 
b ж eee 1. NaBHy E Н,504 
2. H30* А 
pw d CS 
O OH Br 
c. “NZ 1. NaBH, udis РВгз 
2. Н3О* VV pyridine 


NH; 
excess 


= e H 
BESM (caw = CH3NH; 
Raney Ni 
trace 


e 


> 

= pom 
& = 
ee 

> 

c 
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2. Вг СН=СН» 
CY + (CH,—CH)yCui 


product of c 


or 
NN a 
py = сесн —— + CH=CH, 
catalyst 
product of c 


О 
h. 1. HSCH,CH,CH2SH/HCI 
> 
2. H}, Raney Ni 


or 
O OH 
1. NaBH, Н,504 н, 
2. НзО+ А Pac 
о HO, CHCH; ОС, CHCH; CH;CH; 
i. 1. CH;CH)MgBr H5SO, H, 
2. H30* A ЕЁ Pd/C 


О 
— th » 
+ CH3CH—P(CgHs) | ——— Pd/C 
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| 
| 
d 
| 


HB* Г ^H 
B: с} H LON ~ 
OCH; ~OCH3 P mu он H—B* 
Ф о  CHÜH ү, <652 О 
+ H2O 
| | | 
С H,CrO С SOCL C 
60. а. og = и БН — Ta 
pyridine 
1.NaBH, — 2.H30* - CH,CH,CH,OH 
О 
| 
Sou d p P 
i OH 
be “Мы Saas NaOCI Pow ~j 1. CH3CH)MgBr LOL RL 
CH,COOH 2. H30* 
0°C CH,COOH 
NaOCl | Е 
у 
О 
ZO l 
OH О NHCH; 
с. NaOCl 1. СН;МН, 
CH,COOH 2. МаВН.СМ 
0°C 
4 О он (0 
. 1. NaBH, Н2504 10-78°С н H 
2. H0* А 2. (CH4)S 
О 
со, 
О 
OH 
HO 
О 
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1.  LCHsMgBr. OH a 1. 1. 03, -78 °С _ —78 °С Any 
она 7 2.(CH)S 7 


H,CrO, 


O 
aad 
O 


61 а РВгз 1.14 єн 1. H,C=O 
. * СНОН pyridine CH3Br е (CH3)2CuLi m CH3CH;OH 
Br; 1.14 | 1. ethylene oxide 
b CH, —- CHjBr === (CH3)CuLi CH3CH,CH,OH 
hy i 2. CuI 2. HCI Ё 
excess 
HCH 
тын OCH; 
+ 
62. а. (y T =O + CH3;CH>NH; с. е. 
CH5CH; 
OH OH 
| | 
b. CH3CH CCH; d. пев ЕНЕ 
М 
CH2CH3 СН»СН» H 
NCH;CH; О 
g. i. ee oe 
ee on pup 
h. j. СЊО N OCH; 
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63. CH; CH; 
Br; tert-BuO 
— Br — ——* 
hv 
A B H,SO, C D 
1. BH/THF H,O 
2, H202, HOF, но = CH; CH; 
он == B 
HEU A 
CH; 
1. 04, 78 °C M N 
“Он О 2. (CH45S О 
| 1 114 
2. Сш 
T db WM А б 
I 4. HCl 
6 б СН» 
СН» noo, 
CH3CH;0H Ц | СН»СН»ОН 
„^а сн/ `сн,сн,сн,сн/ “он 
на! О 3 2 2 2 2 О 
CH ч : 
3 
| trace acid [ось О 
СЊСЊМН 
OCH;CH; LO | || 
С С 
CH; 
с ОСН СН» CHÍ °“сн›сн,сн,сн/ CI 
NCH;CH j hoc 
2 3 
н | | 
ZN Z N 
сн; "CH,CH,CH,CH; “ОСН: 
L 
64. a. S: *S — CHCH; :S—CH,CH; 
| CH3CH; ћ Вг Ч] но“ = | 
С —— 3) HN —C — NH) 


C 
4S Z/N HO: | 
HN NH, НМ NO. Сон 


НМ NH, HN NH, | | 
C +  CH4CH;SH C + CH3CH5S 


b. CH;CH,CH,CH,CH,SH 
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65. 


The offset shows there is a signal at ~10.0 ppm, indicating an aldehyde. The 'H NMR spectrum is that of 
benzaldehyde. Phenylmagnesium bromide, therefore, must react with a compound with one carbon to form 


an alcohol that can be oxidized to benzaldehyde. Therefore, Compound Z must be formaldehyde 


1. phenylmagnesium bromide _ 
њс=0 


О 
{_У—сшн NaOCl _ C y | 
2. HCI 
formaldehyde 
Compound Z 


HCOOH ~ SH 
N N N 
e H HO* H OH H-B* 
Ci СВ Но: 


Ви 


66. 


СС СМ 


Н 
СЊСЊСЊМН 
о НЕ =—C "n 


A 
N 
p Со: |^H 
H q 
CH;CH;5CH;NH; 
О + :В 
В: н 
E | 
:ОСН; OCH; 
C H—B* C 


| 


( “В T 
E ff CH30* (;бн 
+ CH30H 
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н Ж 
A Су 


+ 
O O О ОСН»СН 
~ < 2 3 


в 


HB* 


О ОСН»СН» 


67. a. three signals in its ЇН NMR spectrum b. three signals in its ЗС NMR spectrum 
O O 
Ц Ц OH OH 
YN Z N 1. excess CH3MgBr | | 
CH; CH;CH, ОСН; зна ^  CH;CCH;CH;CCH; 
| | 
CH; СН» 
О 
Ц он | OCH; 
Po 1. CHMgBr NaOCI АХ НСІ 
68. CHCH, H DUC > CH3CH2CHCH3 CHCOOH CHCH, CH, THOR - СЊСЊССНз 
0°C excess OCH; 
O 
| 
CH,NHCH 
ч 2 3 
69. а МНСН  LLiAIH; 
2. H,O 
О О 
|| | 
С 
~ ~ 
b. МНСН; HCl OH 
НО, A 
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О 
| | | 
AS S ч 
с. NHCH3 НСІ OH soci CI 
НО, A 
CH3OH 
О 
Ц 
OCH; 
| | 
С С CH;OH 
ч ~ 
d. NHCH3 НСІ ОН үран, 
H20, A 2. H40* 
70. In parts a, b, and d, a new asymmetric center is formed in the product, so a racemic mixture is formed. 


In part с, both Е and 2 stereoisomers are formed. 


EP „О. 
а. с. з М 
4 
CH; “СН. m 
Bs 


b. HO “СН; СН. д. кл. | ЊС ЊСЊСНа 
CH;CH; va H 4 “сн,сн, 

О 
| 
С 

LN 

71. a. СН»СН» СН»СН»СН»СН» + MgBr 
О 
| 
M 
CHCH; + CH;CH,CH»,CH,MgBr 

О 
| 
С 


CCH,CH,CH,CH, +  CH,CHjMgBr 
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72. 


73. 


74. 


75. 
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О 
| 
C 


b. CH,CHY/ CH CHSCH, + CH3CH,MgBr 


С=О 


AN 
СН»СН» CH;CH5 + CH3CH;CH;MgBr 


CH,CH,CH;/ Хосњсн; + 2 СЊСЊМоВг 


НО СН» b. О с. О • 
CH; CHCH; Br SCH>CH; 


Enovid would have its carbonyl stretch at a higher frequency. The carbonyl group in Norlutin has some 
single-bond character because of electron delocalization as a result of having conjugated double bonds. 
The single-bond character causes the carbon-oxygen bond to be easier to stretch than the carbon-oxygen 
bond in Enovid, which has isolated double bonds and therefore no electron delocalization. 


nd и pot 


Norlutin 


Notice that ketal formation can be used to protect either ketones or 1,2-diols. Thus in part a, the 1,2-diol is 
protected using acetone, whereas in part b, 1,2-ethanediol is used to protect a ketone. 
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О 
~ d О 
NH HN AN 
| С | 
0 СН 
3 О 

76. а. | | 2 
| СН. — 
Co 


OCH,CH, + CH,--MgBr 


HET - СНз CH; Le 
CH3CH;0H CH;CH)O + i —= adi 
О 
CH; O сн/ © | OCH;CH, 


О О О 
CH30H | | 
H B 
> B* 
CH30% СН» CH30 CH; 
О О 
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77. 


78. 


79. 
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$ $ 
м “+ ~ 
CH; “сн; ОН * XH CHÍ | eH 
б: 


dimethylchlorosulfonium ion 


The absorption bands at 1600 cm ', 1500 cm ', and >3000 cm! in the IR spectrum indicate that ће com- 
pound has a benzene ring. The absorption band at 1720 cm ' suggests that it is an aldehyde or a ketone 
and the carbonyl group is not conjugated with the benzene ring. The absorption bands at 2720 cm! and 
2820 cm ! indicates that the compound is an aldehyde. 


The broad signal at 1.8 ppm in ће ЇН NMR spectrum of the product indicates an OH group. We also see 
there are three different kinds of hydrogens (other than the OH group and the benzene ring hydrogens). 
The doublet at — 1.2 ppm that integrates to 3 protons indicates a methyl group adjacent to a carbon bonded 
to one hydrogen. The doublet at 3.6 ppm that integrates to 2 protons is due a methylene group bonded to 
a CH group. The chemical shift of this signal suggests that the electron-withdrawing OH group is also 
bonded to this methylene group. 


The IR spectrum is the spectrum of 2-phenylpropanal and the ЇН NMR spectrum is the spectrum of 
2-phenyl-1-propanol. 


О 
| 
Z 1. NaBH 
* a 4 
C 79 H Ex. Ut (suction 
| n 
СН» CH, 


In the first step of each reaction, cyanide is eliminated because it is a weak base. In the second step, 
cyanide ion adds to the B-carbon, again, because it is a weak base. 


TM A ош 
НО: Н— OH НО: 
он ( О О 
Mo || Е || 
a. СН›=СНСН--С=М =  CH,—CHCH N=CCH,CH>CH 
СЕМ 
= A РАНЕ 
НО: H—OH HO: 


Pa | | 
Ь. СНзССН= CH, — = CH4CCH— СН» — СН»ССН»СН»С =N 


a= :C=N 
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80. We have seen that the Wittig reaction proceeds via a concerted | 2+2 ] cycloaddition reaction. 
О + 
In jee OF P(CoHs)3 Ee 
CHCH Seg к—с- CH, = + О=Р(СН5)з 
Н 
In contrast, the sulfonium ylide adds to the carbonyl group to form the intermediate shown here. The in- 
termediate has a nucleophilic (an oxyanion) that attacks the methylenecarbon because (CH3),S is a weak 
base and, therefore, a very good leaving group. 
О T 
[2 :0= о 
Æ à | gx 
CH3CH; сн С — S(CH3)> CH3CH2CH— CH, 4- Ж S(CH3); CH3CH2CH— CH3 
+ (CH35S 
|| T 
81. a. 1. excess CH;MgBr 
СОСН» 2. HCI OCH 
CH3 
О О 
р || 1. LiAIH, NaOCl | 
у СОСН ——— — CHOH = CH 
2. на! CH,COOH 


The synthesis can also be carried out in one step. 


О О 
|| 1. ((CH3)7CHCH)], AIH, -78 °C || 
COCH, > но Е CH 


1. LiAIH4 
d. s 
2. H0 


CH; ^N “0 сну СМ 


^ OH NCH, NHCH, 
| NaOCl — _CHNH, _ _NaBH3CN _ 
CH,COOH а trace “trace acid 
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H--GI 
з а б M + 
СН; 
CH 


OH OH OH 

HCI - s СН; СН; 
3 _) СНз ~ 
Мол й CH 

CH, B „нв“ 

ви ОН ОН 

на 
=_= Es —Ó 
= + CH; CH; 
CH; 


H;C “CH; HC “СН; «Cr CH, + нв" 


83. а. The OH group on С-5 of glucose reacts with the aldehyde group in an intramolecular reaction, forming 
a cyclic hemiacetal. Because the reaction creates a new asymmetric center, two cyclic hemiacetals can 
form, one with the К configuration at the new asymmetric center and one with the 5 configuration. 


HOCH, 
О 
HC —Qo OH -—— new asymmetric center 
2 HO 
H OH PA OH 
Г 
HO——H _ он 
4 
н OH О 
н——бн ~ НОСН» 
OH 
6CH;OH О 
OH 
HO 
OH 


b. The two products can be drawn in their chair conformations by putting the largest group (СЊОН) in 
the equatorial position and then putting the other groups in axial or equatorial positions depending on 
whether they are cis or trans to one another. For example, the OH attached to the carbon that is next to 
the carbon attached to the CH,OH group is trans to the CH,OH group. The hemiacetal on the left has 
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all but one of its OH groups in the equatorial position, whereas the hemiacetal on the right has all its 
OH groups in the equatorial position. Since a compound can avoid unfavorable 1,3-diaxial interactions 
by having its substituents in equatorial positions, the hemiacetal on the right is more stable. 


CHOH CH;OH 
HO HO 


HO HO 


OH OH OH 


S 


OH “~ hemiacetal hemiacetal 


less stable more stable 


84. The alkyl bromide is 1-bromo-2-phenylethane. The molecular formula of the product of the Wittig reac- 
tion indicates that the ketone that reacts with the phosphonium ylide has three carbons (that is, the ketone 
is acetone). 


(you P(CoHs)s (скань 
um E 
CHCHP(C,Hs)3 


Ке 
б= 
CH; 
{_у—сшсн—сс 
CH; 
(C H-B' А 
85 | им бн H, ‚сн, ӧн\н сн 
| хс | КО д 
POE P CH,—CH | CH,CH `—С 
сн ^H CHY 4 “Н | :0 —— | || 
+O » 
es 
б: =н Јен 
| = СН» 
CHÍ ^n | 
CH; pre CH; 
H pu 
O^ OQ = DD 38 
d i po ET A 
CH; ^O^ ^CH, CH; 707 - CH, 
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86. a. (У + (CgH34P—CHCH;CH;CH, ог 
ЕЕ + О==СНСН›СН›СН» 


О P(C6H5)3 


+ (CeH44P—CHCH;CH, ог + O=CHCH,CH; 


© ЕЕ + стовесн—( Y 
а. =: + (CgHj;P—CH, ог Е + O—CH, 


87. The first step is conjugate addition of an organocuprate and the second step is direct addition of a Grignard 
reagent. 
О 
Ц Th Ц Трен oH 
РА (CH;— CH)CuLi / N | L.CHsMgBr 
cH,c=cH” “и E 9907. nei. cho op “и 788 сњасенссњенсњ 
| ТНЕ | 2. H0* | 
CH, CH, CH3 
A B 
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88. a. 


— OOO: 
CH;0 
O 


С imine + :В 
BH d N formation Ny N (С 
+н Н CH) = н 
OH (OH <> „Ӧн 
| S 
2 
у 
N НВ" 
ОН 
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89. The compound that gives the ЇН NMR spectrum is 2-phenyl-2-butanol. 
OH 
| 
CH; 
Therefore, the compound that reacts with methylmagnesium bromide is 1-phenyl-1-propanone. 
|| І. CH3MgBr | 
CCH2CH3 ara > T eem 
СН» 
О О 1. CH3MgBr OH 
90 CH;CHCH locu E Ж locn — f . cH.cHCH бсн 
' а. 3 | 2 3 imidazole 3 2 3 2. HCl 3 | 2 | 3 
OH OSi(CH3)3 OH CH; 
b. СІ СІ MgCl 
(CH3)3Si(CH3),Cl Mg 
imidazole ЕО 
ОН OSi(CH3)5 OSi(CH3)5 
CO; 
COOH COO" 
1. НСІ 
2. (CH;CH,CH,CH,)4NF 
OH OSi(CH3)3 
{7 7) 
| à 
c ~ 
СНз на СН; Me 
HOCH,CH,OH EnO 
Br Br МеВг CH5CH;0- 
HCI | H20 
| 
or 
СЊСЊОН 
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O 
Bry 1. 1, снзбо-. NaOCl 
===. —— 
hv 2. HCl, HO H,O CH,COOH 
0°C 


І. CH43CH;MgBr 
2. HCI 


OH 


This carboxyl group is more acidic, because its conjugate base is more stable since it is closest to the 
electron-withdrawing keto group. (Recall that the more stable the base, the stronger its conjugate acid.) 


О 


The data show that the amount of hydrate decreases with increasing pH until about pH = 6, and that 
increasing the pH beyond 6 has no effect on the amount of hydrate. 


A hydrate is stabilized by electron-withdrawing groups. A COOH group is electron withdrawing, but 
a COO group is less so. In acidic solutions, where both carboxylic acid groups are in their acidic 
(COOH) forms, the compound exists as essentially all hydrate. As the pH of the solution increases and 
the COOH groups become COO groups, the amount of hydrate decreases. Above pH = 6, where both 
carboxyl groups are fully in their basic (COO ) forms, there is no change in the amount of hydrate. 


O О HO OHO 
© AA EE" 
OH + H,O = OH 
(0) [9] 
oxaloacetic acid hydrate 
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94. А ne 


О OH / \ О ОГ 
+ N’ УМ 
R R' \ / 


95. a. The negative p value obtained when hydrolysis is carried out in a basic solution indicates that electron- 
donating substituents increase the rate of the reaction. This means that the rate-determining step must 
be protonation of the carbon (the first step), because the more electron donating the substituent, the 
greater the partial negative charge on the carbon and the easier it will be to protonate. 


№ rate-determining NO N. 
C= CHCH; 26р С—СН»СН» C— CHCH; 
C он 
Н OH H 
X X X 


b. The positive p value obtained when hydrolysis is carried out in an acidic solution indicates that 
electron-withdrawing substituents increase the rate of the reaction. This means that the rate-determining 
step must be nucleophilic addition of water to the iminium carbon to form the tetrahedral intermediate 
(the second step), because electron withdrawal increases the electrophilicity of the iminium carbon, 
making it more susceptible to nucleophilic addition. 


Ө е Ө 


М => NQ rate-determining N 
C—CHCH; C— CH;CH4 мер ж CH;CH; 
+ 
HC OH) M OH 
H,O M | 
H 
x x x 
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96. Notice that in the mechanisms in part a, there is an equilibrium between a protonated intermediate, a neu- 
tral intermediate, and a second protonated intermediate, just as we saw in many previous acid-catalyzed 
mechanisms in this chapter. 


2) = Ia ы Ба 


з 


| 
| 


НО | ОН НО | ОН НО 
О OTER 
HB* B 
b. Б H--B* 
| ge u^ Deest Мм 
H :В 
eo S hy $СН»СН» 
СН3СН›5Н 
= 5СЊСНа === 
mE" " 
О НВ ОН ОН 
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Practice Test 
1. What is the product of each of the following reactions? 
| trace 
a. =“ + NOR === 
О 
trace 
id 
b. А асі 
М 
н 
1. CH;CH)CH MgB 
с. CO — 
2. HCl, H,O 
О 
d. 
СІ 
+ CH;CH,OH — 
excess 
О 
| 1. CH3MgBr 
e. СЊСЊССЊСНза 
НСІ 
О 
f. н, 
+ NH; Я 
РИС 
excess 
| 
8. СЊСЊССЊСЊ Tu 


O 


| 
В. CH3CH—CHCCH, + CH;SH ——~ 


O 


А | 1.2 CHyCH,CH)MgBr 
COCH;CHs — a ч 
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2. Which of the following alcohols cannot be prepared by the reaction of an ester with excess Grignard 
reagent? 


CH3CH2CCH,CH2CH3 ae CH3CCH3 
| | 


CH3 СН; СН; 
3. Name the following compounds: 
O O О 
а. аа b. се с. NH3 
OH О 
О H 

4. Give an example of each the following: 

а. an enamine 

b. an acetal 

с. animine 

d. ahemiacetal 

e. aphenylhydrazone 
5. Which is more reactive toward nucleophilic addition? 


a. butanal or methyl propyl ketone 


b. 2-heptanone or 3-pentanone 


6. Indicate how the following compounds could be prepared using the given starting material: 


a. CH,CH;CHjBr ——- CH;CH,CHY `ОСН›СН; 


| 

С CH;CHCH3 
b. CHí “осн; | 

OH 
с. СО» CH3CH20H 
N 
Z 
О с 

а. 
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Answers to Practice Test 


OCH, н 
. CH3CH;CH d. CH4CH;CH 
OCH; ОСН; 
. butanal b. 2-heptanone 
[e 
| 
их 
. CH3CH,CH,Br — М CH,CH,CH;MgBr — 992 . CH;CH,CH; `O- 
SOCI, 
О 
| || 
/ С CH3CH,OH fo С 
СЊСЊСН;  "OCH;CH, = CH,CH;CH; “Cl 
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OH 
| 
үн d. СЊСЊО ОСЊСНз 8. CH;CH»,CCH>CH; 
| 
CCH;CH;, + НО С 
+ НО Ц 
М 
@ | 
ia 
N Z N 
+ HO е. СЊСЊССЊСНз h. CH3CHCH? CH; 
| 
СН» SCH; 
О 
|| OH 
/ е МН 
с. CH3CH;CH; ОН f 2 1. ССН»СН»›СН» 
СЊСЊСНза 
ОН 
| 
CH;CH;CCH;5CH;CHa5 
| 
СН» 
. ethyl 4-hydroxyhexanoate b. 4-oxoheptanal c. 4-formylhexanamide 


„CH3 
CH, 
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excess Oo OH 
| СН;МеВг | 40" | 
P — ——- CH3CCH; CH3CCH3 
b. CHS ‘OCH; | | 
СН» CH; 
CH MgB || LiAIH. 
с pp. ER Be —— = CH4CH;OH 
CH; 0 ^ 
N 
Z 
О он CI p 
d. LiAIH, SOCI, -C=N 
H4O* pyridine 
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Important Terms 


acetoacetic ester synthesis 


aldol addition 


aldol condensation 
annulation reaction 
a-carbon 

carbon acid 


Claisen condensation 


condensation reaction 


crossed aldol addition 


crossed Claisen 
condensation 


decarboxylation 
Dieckmann condensation 
p-diketone 

Е1сВ 

enolization 
gluconeogenesis 
glycolysis 

haloform reaction 
Hell-Volhard-Zelinski 
(HVZ) reaction 


a-hydrogen 
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synthesis of a methyl ketone using ethyl acetoacetate as the starting material. 


a reaction between two molecules of an aldehyde (or two molecules of a ketone) 
that connects the a-carbon of one with the carbonyl carbon of the other. 


an aldol addition followed by elimination of water. 

a ring-forming reaction. 

a carbon adjacent to a carbonyl carbon. 

a compound that contains a carbon bonded to a relatively acidic hydrogen. 


a reaction between two molecules of an ester that connects the a-carbon of one 
with the carbonyl carbon of the other and eliminates an alkoxide ion. 


a reaction combining two molecules while removing a small molecule (usually 
water or an alcohol). 


an aldol addition using two different aldehydes or ketones. 


a Claisen condensation using two different esters. 


loss of carbon dioxide. 

an intramolecular Claisen condensation. 

a ketone with a second ketone carbonyl group at the B-position. 

a two-step elimination reaction that proceeds via a carbanion intermediate. 
keto-enol interconversion. 

the synthesis of D-glucose from pyruvate. 

the breakdown of D-glucose into two molecules of pyruvate. 


the conversion of a methyl ketone to a carboxylic acid and haloform using Cl, 
(ог Br; ог 15) and HO . 


the conversion of a carboxylic acid into an a-bromocarboxylic acid using 
PBr 3 FF Вг». 


a hydrogen bonded to the carbon adjacent to a carbonyl carbon. 


Reactions at the a-Carbon of Carbonyl Compounds 


keto-enol tautomerism an interconversion of keto and enol tautomers. 
(keto-enol interconversion) 


В-Ке(о ester an ester with a ketone carbonyl group at the B-position. 


Kolbe-Schmidt a reaction of a phenolate ion with carbon dioxide under pressure. 
carboxylation reaction 


malonic ester synthesis synthesis of a carboxylic acid using diethyl malonate as the starting material. 

Michael reaction the addition of an a-carbanion to the B-carbon of ап a,B-unsaturated carbonyl 
compound. 

mixed aldol addition an aldol addition using two different aldehydes or ketones (see crossed aldol 
addition). 

mixed Claisen a Claisen condensation in which two different esters are used (see crossed Claisen 

condensation condensation). 

Robinson annulation a Michael reaction followed by an intramolecular aldol condensation. 

a-substitution reaction a reaction that puts a substituent on an a-carbon in place of an a-hydrogen. 

tautomers constitutional isomers that are in rapid equilibrium; for example, keto and enol 
tautomers. The keto and enol tautomers differ only in the location of a double bond 
and a hydrogen. 
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Solutions to Problems 


1. The electrons left behind when a base removes a proton from propene are delocalized over three carbons. 
In contrast, the electrons left behind when a base removes a proton from an alkane are localized—they be- 
long to a single carbon. Because electron delocalization allows the charge to be distributed over more than 
one atom, it stabilizes the base, and the more stable the base, the stronger its conjugate acid. Therefore, 
propene is a stronger acid than an alkane. 


В: + CH;—CHCH, === CH,—CHCH, CH CH=CH, 
+ HB 
В: + сњсњсњ == GH,CH,CH, + HB 


Propene, however, is not as acidic as the carbon acids, because the electrons left behind when a base 
removes a proton from these carbon acids are delocalized onto an oxygen or a nitrogen, which are more 
electronegative than carbon and, therefore, are better able to accommodate the electrons. 


i :О Di 
| № | 


В: + RCH;—C—R > КСН-С—ЕК ~ > RCH=C—R 
КУ 
+ HB 
O O O O О 
| i i 
ys / / SON 
2. CH; \cH,C=N сн;о“ “он; “осн, СН; Хен; H 
a B-keto nitrile a B-diester a B-keto aldehyde 
3. A proton cannot be removed from the a-carbon of N-methylethanamide or ethanamide, because these 


compounds have a hydrogen bonded to the nitrogen and this hydrogen is more acidic than the one attached 
to the a-carbon. Therefore, the hydrogen attached to the nitrogen will be the one removed by a base. In the 
case of N,N-dimethylethanamide, there is no N-H proton, so a proton can be removed from the a-carbon. 


| | | 
ее о 
3 


СН» NHCH; CH NH; СН; NCH; 

| 

CH; 
N-methylethanamide ethanamide N,N-dimethylethanamide 


The following resonance contributors show why the hydrogen attached to the nitrogen is more acidic (the 
nitrogen has a partial positive charge) than the hydrogen attached to the a-carbon. 
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Electron delocalization of the lone pair on nitrogen or oxygen competes with electron delocalization of the 
electrons left behind on the a-carbon when it loses a proton. The lone pair on nitrogen is more delocalized 
than the lone pair on oxygen, because nitrogen is better able to accommodate a positive charge since it is 
less electronegative than oxygen. Therefore, the amide competes better with the carbanion for electron 
delocalization, so the a-carbon 15 less acidic. 


О o- О o- 
| | р. | 
ee = na =. XS + 
CH; NCH, сну” “NCH; CH; —ÓCH, CH; “осн; 
| | О О 
СН» СН» 
| 
а > HC—CH > CH=CH, > сњењ 
сн; H 
b. О О О О О 
| | | | | | | 
> > > ee 
CH; “сн "CH, © CH;~ CH; осн: о сњо“ CHS “ОСЫ CH;~ CH, 


o О о 
с. NH @ @ ex 
> > > 


The H attached to the 

N is the most acidic H, 
so it will come off rather 
than the a@-hydrogen. 


Problem 4 explains why 
the ester is more acidic 
than the amide. 


The ketone is a stronger acid than the ester or the N-alkylated amide, because there is no competition for 
delocalization of the electrons that are left behind when the a-hydrogen is removed. 


Both the keto and enol tautomers of 2,4-pentanedione can form hydrogen bonds with water. Neither the keto 
nor the enol tautomer can form hydrogen bonds with hexane, but the enol tautomer can form an intramolec- 
ular hydrogen bond, which stabilizes it. Thus, the enol tautomer is more stable relative to the keto tautomer 
in hexane than in water and therefore more of the enol tautomer will be present in hexane than in water. 


keto tautomer enol tautomer 


2,4-pentanedione 
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OH OH 
OH 
a. -—— d. p and A 
О О 


more stable, 
because the double bonds 
are conjugated 


BEN OH О OH O 


" а > 


more stable, 
because the double bonds 
are conjugated 


С, f. Б "di 
OH OH 


more stable, 

because the double bond 
is conjugated with the 
benzene ring 


The methyl hydrogens can be removed by a base (ОР) and then are reprotonated by D,O. The aldehyde 
hydrogen cannot be removed by a base because the electrons left behind if it were to be removed cannot be 
delocalized. 


O 
| The aldehyde hydrogen i idi 
yde hydrogen is not acidic. 

С 
DH. `H md 
In an acidic or basic solution, the ketone will be in equilibrium with its enol. Unlike the ketone, the enol 
does not have an asymmetric center. When the enol reforms the ketone, the proton can add to the sp? 
carbon from above or below the plane of the double bond defined by the sp? carbons. As a result, equal 
amounts of the R and S ketones will be formed. 


i | 
СЊСЊС— та —— — —- СНАСНС== та 
СН» СНз 
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10. A Br—Br bond is weaker and easier to break than a С1—С1 bond, which in turn is weaker and easier to 
break than a D—O bond. Because the experimentally determined rates of bromination, chlorination, and 
deuterium exchange are about the same, you know that breaking the Br—Br, С1—С1, or D—O bond, 
which occur at different rates, takes place after the rate-determining step. Therefore, the rate-determining 
step must be removal of the proton from the a-carbon of the ketone. 


rate-determining step rate of this step varies 


О :Он *OH 
| A zh | 
С 
д ~ 
Z N RCH 


RCH, R + H,0* === ксн’) NOS ROT RCH R 
Er U | 
Н r 
Ho +H,0+ [х—у=вг—вг | + Х^ог OD 
cl—cl 
р—ор 
H20 
О 
| 
Zs 
H3O* + is R 
Br 
HO” O 
ll 1. PBr3, Br; | excess | 
2.H,0 
11 а. CHCH 07 сњен“ “он сњен“ ^o 
| | 
Br OH 
O 
|| 1. РВг Br; || HO || (CH3),CuLi || 
С 2.H,0 С 
b CHí “о CH, ^ “он си“ o" CH;CH,~ or 
| | 
Br Br 
О 
р р 
12. 5 
D 
D0 
13. Alkylation of an alpha carbon is an 532 reaction. Sy2 reactions work best with primary alkyl halides be- 


cause a primary alkyl halide has less steric hindrance than a secondary alkyl halide. 542 reactions do not 
work at all with tertiary alkyl halides because they are the most sterically hindered of the alkyl halides. 
Therefore, in the case of tertiary alkyl halides, the Sy2 reaction cannot compete with the E2 elimination 
reaction. 


О O 
14. a. p Е 2 RM BZ 


2. ICH»CH = CH; 
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О 
О 
1. LDA/THF 
Че " — _ 
2. (са 
15. The compound formed in 14a has no stereoisomers. 
The compound formed in 14b has a new asymmetric center, so both the R and S stereoisomers will be 
obtained. 
O О 
16. а 
1. LDA/THF 
2. P 
О О 
7 
b. 1. LDA/THF 
2, Вг 
ANZ 
O О 
с. 
1. LDA/THF 
Q Cr* 


б 
€ 


Br. 
О М 
ti СН»СН»СН» 
17. a. С И | | coy CH3CH;CH5Br 
N 
H 
HCI | HO 
О 
CH;CH;CH; 
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| | / | СГ 
О 
О М М 
О | 
b trace | | ССЊСНз 
. " L) acid CH3CH;CCI 
N 
H 
НСІ | HO 
о | 
CCH;CH; 
+ 
/ + \ 
М 
SN СГ 
H 


N 
О || 
tace | CH,CH>CCH; 
с. | | acid CH, —CHCCH; 
+ = 
М 
Н 


НСІ | HO 
о | 
СН›СН›ССН» 
t 
( " у 
N 
Я N о 
H H 
| || 
a ES 
18. a. CH,CHCH; “мн, b. жыл. OCH; 
H4CH H H H HC=N 
CH;C ^E T dk 3 C E C 


| | | 
Ó Ó Ó 
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19. 


20. 


21. 


22. 


23. 
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Reactions at the a-Carbon of Carbonyl Compounds 


О О О 
а A ДА 
НО“ 
О 


(e 
|| || 


О 
|| 


Fs a JN 


b. CHS “CH=CH,  CH,CH,0 ‘CH; 


oH | 


ФЕ) 


OCH,CH, CH3CH,0- 


OH O OH 


EON | | 
а. CH;,CH,CH,CH,CHCH H Ь CH,CH,—C—CH—C—CH,CH; c. 


| 
CH,CH,CH, 


О 

| 
ZN я 

а. CH,CH,CH; `H b. CH; ^cu, 


Q=0 


OH 
Н›504 


О 
aldol addition 


A bond has formed between the a-carbon of one 
molecule and the carbonyl carbon of another. 


a. Solved in the text. 


С 
LDA/THF –.. 
b. єнї “ен, — ён “ен, 


СН;СН, СН; 
О 
E | 
С fe” 
с. | д. CHCH, CHCH; 
О 
+ H,O 
O 
aldol condensation 
O 
| 
CH34CH3Br РА t 


CH3CH2CH) СН» 


Reactions at the a-Carbon of Carbonyl Compounds 


кү О OH 
AA, 
add ___add slowly —_ 
о — H,O 
| 
У“ О 
| І. CHCH, СЊСНа || 
р. С НО“ add slowly С 
E ETT os 
н ‘н -H2 оонун CH,CH; 
CH, 


[e 
О О i шу он о 
ДА LDA p add slowly ~ ДА Д 
с. Н THF Е Н 2.4,0 Н 


| 
ы. z add slowly 
HO + HO 
2. НО 
O OH 
| А, H OL 
OH 
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Reactions at the a-Carbon of Carbonyl Compounds 


~OLO-OLO 


N | 
Uo. LC) 
Qj „ Q ^ 


О O О O 
| d [D] 
SN AN S\N AN 
27. а. СЊСЊСН; CH ‘OCH; b. ашнен; н OCH,CH, 
CH,CH, CH; (нен, 
CH, 
28. A, B, and D cannot undergo a Claisen condensation. 


A cannot, because a proton cannot be removed from an sp? carbon. 
B and D cannot, because they do not have an a-hydrogen. 
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Reactions at the a-Carbon of Carbonyl Compounds 


| ) 1 
С С С C 
29. a. CH,CH,0^ "ea^ “осн,сн, b. H^ 68 “осн, 
30. a. Only one carbonyl compound has a-hydrogens, so ће one with a-hydrogens is added slowly to a basic 


solution of the one without a-hydrogens. 


| 
мен, О (0) 
i i i 
С CH4O^ add slowly > ~ Z 
N 3” на CH; ОСН; 


CHO” “осн; 


b. Both carbonyl compounds have a-hydrogens, so LDA is used to form the enolate and the other car- 
bonyl compound is added slowly. 


| 
О 
С 
Ц Ц 1. CH, “осн; | Ц 
M LDA VA add slowly ~ РАДЊУ 
СНз тив CHo на CH; CH; 


с. Only one carbonyl compound has a-hydrogens, so the one with a-hydrogens is added slowly to a basic 
solution of the one without a-hydrogens. 


1 
С 
“сн, О 
| Lf 
= dd slowly x Jo 
С + CH30 а - 
CH H 
u^ N OCH; 2. HCl 2 
31 О О 
OCH, OCH, | Ї 
s COCH; COCH; 
NM C 
ОСН; + СНО 
О OCH, OCH, <6) O 
+ CHOH 
a 1,7-diester PED 
OH OH 
32. a. b. 
CH; CH 
ССН» 
|| О 
О 
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Reactions at the a-Carbon of Carbonyl Compounds 


33. No, because an intramolecular reaction would lead to a strained four-membered ring. Therefore, an inter- 
molecular reaction will be preferred; the reaction will involve removal of a proton from the more acidic 
central carbon. 


| | О || H 
# xt 4 es д T 1 
сн; о. = >< но + CH сн,—с—Сн; 
CH; CH; CH CH; 
NZ Мм 
intramolecular product | | 
intermolecular product 
\ 
OH HO oH ССН; 
34. а. 004 һ. с. CY. d. 
CH 


О 
35. а. L A HO- ch 
О О О 


О 
36. 8. P “| О 
== | E 
СЊСНз CH;CH; 
synthesis 
О 
| i 
Z ~ YN HO- 
CH,=CH CH, + CH,CH,CH; `H т 
CH2CH3 
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Reactions at the a-Carbon of Carbonyl Compounds 


| — retrosynthetic . 
analysis 27 је 
~ 
СН 
О | 


О 
О 
СН» СН» 
synthesis 
О О 
| | 
“М 7 N HO- 
CH,—CH CH,CH; + CH; H А 
О 
СН» 
CoHs retrosynthetic г C-H 
lysis = 6115 
analysis CH, 
CH О 
СН. "ш" 3 
O O 
synthesis 
СН» 
| || си, 
/ | од 
а. СН. + CH;CH, C6H5 
CH, СН; 
О 
retrosynthetig H3C.- 
anal ae. и 
O 
|| H3C 
H3C 
/ N HO- 
CH,—CH CH,CH; + А 
O О 
СН; 
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Reactions at the a-Carbon of Carbonyl Compounds 


37. A and D are B-keto acids so they can be decarboxylated on heating. 
B cannot be decarboxylated because it does not have a carboxyl group. 
The electrons left behind if C were decarboxylated cannot be delocalized onto an oxygen. 


38. a. methyl bromide c. benzyl bromide 
b. methyl bromide (twice) d. isobutyl bromide 

39. a. An 532 reaction cannot be done on bromobenzene. 
b. An Sp? reaction cannot be done on vinyl bromide. 


c. AnSy2reaction cannot be done on a tertiary alkyl halide. (Only elimination occurs.) 


40. a. ethyl bromide b. pentyl bromide €. benzyl bromide 


|| № |-> || 


42. з C MM gu 
CY "cu, d CY MV, cucu 20, СТ СН›СН»СН» 
{гасе 
acid 


41. Solved in the text. 


HCI | но 
О 
l 
> 
| + y P СЊСЊСНз 
N cr 
Z ~ 
H H 
| | O O 
as Pan СНО“ І. СНзО“ 
3 * 3 
b. CH30 (CH3); ОСН; = 2. CH;CH>Br CHCH; 
|“ СОСН» 
| | 
HCl 
О 
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Reactions at the a-Carbon of Carbonyl Compounds 


x | 
О О 
[ | | 
Ce. CHCHY CH= cu^ ^u 
с. H+ 2 
inf — E _ 
LDA/THF 
NaOCl oe | 
| и 
2 В = 
m “н CH=CH OH 
О 
О О О | 
Ц | Ц | C 
Ў 
"i с > 1. СО“ ба У" № снзо“ One 
d. сњо CH; ОСН, I СНзО "E OCH; OCH, 
CH,(CH,)3Br | 
О 
HCl 
H50 


2 СН.ОН + CO, + y 


Because the catalyst is a hydroxide ion rather than an enzyme, four stereoisomers will be formed since two 


43. 
asymmetric centers are created in the product. 
CH;OPO; CH;OPO; 
E " Е E 
CH50PO; СН»ОРО» C—O C=O 
CH, en co CHOH fX,  *CHOH 
| = | = || АЖ n- — 
H>C—OH H—C—OH CH CHEN нон 
ü е ЧЕ он н——Он H—— OH 
gb 27 — = 
HÖ J СН,ОРО; CH3OPO; CH30PO; 


Seven moles. The first two carbons in the fatty acid come from acetyl CoA 


44. 
Each subsequent two-carbon piece comes from malonyl CoA 
Because this amounts to 14 carbons for the synthesis of the 16-carbon fatty acid, seven moles of malonyl 


CoA are required. 
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45. 


46. 
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Reactions at the a-Carbon of Carbonyl Compounds 


a. Three deuteriums would be incorporated into palmitic acid, because only one CD4COSR is used in the 
synthesis. 

b. Seven deuteriums would be incorporated into palmitic acid, because seven OOCCD;COSR are used 
in the synthesis (for a total of 14 Ds), and each OOCCD,COSR loses one deuterium in the dehydra- 
tion step (14 Ds — 7 Ds = 7 Ds). 


It tells you that an imine is formed as an intermediate. Because an imine is formed, the only source of oxy- 
gen for acetone formation is H}°O. 


Cu x E) C C 
Е UM лл, = ———— ZN 
CH; CH, O: CHÍ “н, СН; СН» 
go но 
+ СО» Н 
18g 
Н | 
RNH, + PEN 
CH; CH, 


If decarboxylation occurred without imine formation, most of the acetone would contain '°O. There would 
be some О incorporated into acetone because acetone would react with H}8O and form a hydrate. The 
180 would become incorporated into acetone when the hydrate reforms acetone. 


О :0 О 
еу y 
e 
ён? xu < - в => JN == м 
3 2 О: CH; CH, Q CH; СН; 
18 
т нро 
$ Сб» H ' 
18 
| OH 
Но + " p ——  CH,—C—CH, 
E 180H 
О 
| | | | | 
C С 
ии“ я N / X 
a. CH; CH;  OCH;CH, c. В CH, Ов e. CH,CH,CH,CH; OH 
Ж он 
# yl 
b. HO јен Хон а. 
CH, 
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Reactions at the a-Carbon of Carbonyl Compounds 


О 
| 
Sm 
OCH3;CH; 


[e 
I 
gU X 
b. сњењењсн `OH 
| 


Вг 


О О 
| A 7 A 7 
O О O 
1 2 


50. 


|| 

P 
С С . СЊСНСЊСН 
ии ђ o THES 


CH, CH 


OH 


CH; CH, 


> + 1 1 
С С 
СН3СН» С CN 
d. OCH;CH, f. CH;  "OCH,CH, 


О О О 
О NCH, 
> > 
3 4 5 


The electron-withdrawing nitro group will cause the signal to occur at a higher frequency (will have а 


greater chemical shift). The more acidic the hydrogen, the greater the chemical shift. 


CHNO, 
5 4.33 


СН,(МО»)» 
6 6.10 


CH(NO;); 
6 7.52 


The compound on the far right loses СО» at the lowest temperature because it is a -keto acid. Thus, the 


electrons left behind when CO; is removed can be delocalized onto oxygen. 


CH;CH —CH; 
О О 


b. HC 


y c7? 
oui. 
НС он | 
с ССН» 
О 
О 
а. [ 
COCH;CH; 
О 
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Reactions at the a-Carbon of Carbonyl Compounds 


53. When the ketone enolizes, the asymmetric center is lost. When the enol reforms the ketone, an asymmetric 
center is created; the R and 5 enantiomers can be formed equally easily, so a racemic mixture is obtained. 


(HCH; к CH CH3 
*, 
СЄ; С CHCH; 
А /2 Ж 
| 3 | | 
OH О 


(R)-2-methyl-1- 
phenyl-1-butanone 


You need a ketone with an a-carbon that is an asymmetric center. Racemization will occur when an 
a-hydrogen is removed from the asymmetric center. 


О 


|| 
C 


ZONE 
CH—CH CHCH;CHs 
CH; 
54. Because water is a stronger acid than the ketone, formation of the enolate ion will be reversible (and will 


favor the reacants) when hydroxide is used to remove the a-hydrogen. Under reversible conditions, the 
thermodynamic enolate will predominate. Therefore, the deuterium will substitute for a hydrogen attached 


to the more substituted a-carbon. 
om О 
PA 
= D 


thermodynamic enolate 
Because the ketone is a much stronger acid than diisopropylamine, formation of the enolate ion will be 
irreversible when LDA is used to remove the a-hydrogen. Under irreversible condition, the kinetic enolate 
will predominate. Therefore, the deuterium will substitute for a hydrogen attached to the less substituted 
a-carbon. 


ог О 
“ DO 
+ DIA D 


kinetic enolate 


О 


НО 
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55. 


56. 


57. 


Reactions at the a-Carbon of Carbonyl Compounds 


The initially formed addition product loses water immediately, because the new double bonds are particu- 
larly stable (and therefore easy to form) since each is conjugated with a benzene ring. 


OH О OH 


СН3СН›СН 


HB* 
OH O 


| 
CH;4CH;CHCHCH 
| 


CH; 


:О H 
с 
СНзСН==СН 
HB* “OH 
Є 
СЊСЊСН 


vt os 
OH н B 
| 
CH;CH,CHCHCH 
| 
CH; 


The haloform reaction requires that a group be created that is a weaker base than hydroxide ion so 
that hydroxide ion is not the group eliminated from the tetrahedral intermediate. For an alkyl group to 
be the weaker base, the a-carbon must be bonded to three halogen atoms. The only alkyl group that 
can become bonded to three halogen atoms at the a-carbon is a methyl group (because it is bonded to 


three hydrogens). 


d 


к. СОВЫ se +  HCBr 
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Reactions at the a-Carbon of Carbonyl Compounds 


| | | | | 
OH 
C C C C C 
/ / ; P: - и Р, 
58. CHÍ "CHÍ “осн; нен, CHÍ “сн, — CHOCH; “ен; < сње=ен“ ^ 
| 
А B CH; CH; 
C5Hg05 C D 
1. СНЗО- 
2. CH;Br 
|| | | | 
C C C HO- С 
я 2 у / / # 
сну ‘cu’ “осн, BO! cu ‘cucu, 9*9. снысн/ `о-59% сњен/ “а 
| А b pyridine 
CH3 E H excess I J 
CH4OH 
І. СНЗО“ 
2. CH3Br F 
С 
и 
F (1 || CH3CH; “осн, 
ЕК HCI, њо oe К 
CH; C ОСН; = СН; CHCH; 
| 1. СНО“ 
СН; СН; CH; 2. HCl 
F G 
1 on 
C C 
CH,CHY Sou? “осн; 
CH; 
L 


» A — (У деде једе 
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Reactions at the a-Carbon of Carbonyl Compounds 


O О О | 
ОН С 
š о o N 
60 о о н,50, CH,CH,CH; 
1. CHCCH;COCH; A 
1. Bry, НзО* 

2. CH4CO; О 

3. HCl, H,O L.LDA || 
2. CH3CH2CH»COCH; 
. А О add slowly О 

О 
I СН»СН»СН» 
РА 1. LDA 
СН “ен CRGGEPULDUDBI 
2 3 2. CH3CH;CH3Br 
add slowly 
| 
2. BrCH 
1. СНЗОСОСН: add x > 
+ СНзо“ 
2.| НСІ, НО 


Notice that the 6-substituted compounds аге prepared via an o, -unsaturated ketone, which can be pre- 


pared by dehydration of a-hydroxycyclohexanone. 


61. Remember that there are no positively charged organic reactants, intermediates, or products in a basic 


solution, and no negatively charged organic reactants, intermediates, or products in an acidic solution. 


5H P 
н С 
b Ci, EN у 
. HoH mö: 3D HO: 
= = + њо 
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Reactions at the a-Carbon of Carbonyl Compounds 


О О О С С 
<] | d NE CP ES 
C с c CHCH; “0” “н, 
62. a. ы К АКУ x | 
| 
CH,CO- 
| | 
“МУМ 
Ц Ц CH=CH” "0 “сн, 
CHÍ “о “ен 
3 3 + ЊО 
О 
|] 
ИИ 
b CH=CH” "o “н, CH=cH’ “он | 
H20 ï » 
CH; ‘OH 
o О О он | 
Si | | м "ios H 
C 2H5 
с. M FUN. N 
H+ Сао ‘Сн “Осн; СОН, l 
: p: 
O ‘OCH; 
СЊСЊО“ 
| 7 | 
С С С 
м N и 
С›Н5О СН» OC>Hs Е) “осн; 
C 
aN 
o^ “осн; 
+ H50 
О О 
| i 
У 
а. CH—c/ “осн, CH=cH’ “он 
l —— + CO, + 2CH4CH;OH 
их 
9 бон 
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Reactions at the a-Carbon of Carbonyl Compounds 


63. The Reformatsky reaction requires an organozinc reagent that is obtained by treating an a-bromo ester 
with zinc. 
O 
| | = 1 
PES 2% 1. Zn MER" № 
a. CH3CH2CH3 H + всњ ОСНз SO CH3CH;CH?CHCH5 ОСН; 
eon. 
О 
| | oy | 
их "de 1.Zn ЈЕ S 
b. CH3;CH, H + CH;CH;CH ОСН; ET CH3CH,CHCH ОСН; 
| ^ 
Br CHCH; 
HCI | HO 
y excess О 
OH | 


“Ns 
сњењснсн он 
| 


CHCH; 
| | 
| | OH 

С 

м ыч 1.Zn | хх 

с. CHCH `H + СН.СН” “ОСН; CH,CH,CHCH OCH; 
| 
Вг СН» 
нс! НО 
excess 
О 
| OH | 
Z/N 2804 | Z N 
CH3CH2CH | ОН А ЕНГ Н ОН 
CH; CH; 
| | н |! 
x ae d 3 | ГА ae 
n 
d. CHCH;  CH;CH, + ВСН “OCH; = CHSCH,CCH; ‘OCH; 
· 115 


CH2CH3 


64. The ketone is 2-hexanone. Therefore, the alkyl halide is a propyl halide (propyl bromide, propyl chloride, 
or propyl iodide). 


ZN 
CH3 CH5CH;CH;CH3 
7 
This part comes from acetoacetic ester. 
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Reactions at the a-Carbon of Carbonyl Compounds 


О О 
СЊЕЊСЊЕСЊ 
65. а. 1. ТРА 
2. СЊСЊСЊСЊВг 
О o © 
1. ( у trace I 
N acid 
b. 1 N ^ CH;CH,CH; 
| 
2. CH3CH5CH;CCI 
3. HCI, НО 
[e [e | 
С 
2. 1. LDA ^7 CH4CH;CH; 
| 
2. СНЗСН›СН»СС1 
add slowly 
О 
О О 
ll 1, 
SN add slowly ОСЊСНз 
€ СЊСЊО `ОСН;СНз + СНЗСН07 > 
О 
О О 
| 1. 
© N add slowly H 
d. H OCH2CH3 + CH3CH,0~ 5 HCl 
О 
OH 
А О О О 
° m | НО“ H2SO4 
+ Сн;—=СНССН3 a Robinson A 
annulation 
H2 | Pd/C 
О 
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Reactions at the a-Carbon of Carbonyl Compounds 


66. The positive iodoform test indicates that compound B is a methyl ketone. The two singlets with a ratio of 
3: 1 indicate that if the methyl group represents the “3”, there is only one other hydrogen in the compound 
or, if the methyl group represent the “1”, there are nine other hydrogens. The former does not agree with 
the molecular formula. Therefore, the compound must have three identical methyl groups that are attached 


to a carbon that is not attached to a hydrogen. 


3,3-Dimethyl-1-butyne will show two singlets with a ratio of 9 : 1. When it adds water, it will form a 


methyl ketone with two singlets with a ratio of 3 : 1. 


CH; CH; O 
| = H,SO, | | 
CH3C—C —CH ^C HO ~ CH3C m ССН» 
| : | 
СН; Е СН; 
two singlets (9 : 1) two singlets (3 : 1) 
| | gm 
C C C 
/ 4 / 
67. а. CHÍ “сн, РАТНЕ си’ сну “сн; 
О 
| 
2. cuí “осн; 
3.HCl ада slowly 
О 
|| Ц О О 
“~ Z/N CH30* CHOR CH 
b. CH3 (CH5)5 ОСН» 7 Clsen — CH 3 
condensation (2 equiv.) СН» 
О О 
| n | gd 
C C C G 
SN ZN І. CH3CH207 4 СИНЕ М 


с. СН» СН» OCH2CH3 


z CH3 CH ОСН»СН» 
Qe 
^| HCI, н.о 


О 
| 


С 
YN 
CO» + CH3CH2OH + CH; СН» 
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Reactions at the a-Carbon of Carbonyl Compounds 


O O 
ia Lg 
ГЕРХ ÁN CH4CH;0-7 C 
d. CH4CH;O (CH5)4 OCH5;CH; а 8 “осн,сн; 
condensation 
д HCl, НО 
O O 
. LDA/T: 
CH.CHCH, -PATE + CO) + CH,CH,OH 
2. CHSCH;CH3Br 
68. a. The first reaction is an intermolecular Claisen condensation. An intramolecular condensation reaction 
forms the final product. 
О Г o dB 
2 
а Өз м Оо Ы 
р _ 
О О 
Е О 
C ° 
О 
О О 
О 
Ори 
О 


b. The reaction involves two successive aldol condensations. 


| О О О 
C 
i 
H 
| CH 
О О | О О 


+ H20 + НО 


с. The base removes a proton from the carbon that is flanked by two carbonyl groups; this is followed by 
an intramolecular Sy2 reaction. 


О О О О 


но“ 


Br H 
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Reactions at the a-Carbon of Carbonyl Compounds 


d. A proton is removed from the a-carbon that is flanked by a carbonyl group and a nitrile; then an intra- 
molecular Sy2 reaction occurs. 


b 
add ©, 
а  aRobinson - Tautomerization 
annulation _ 


how Ше reagents become connected 


E = 


О 
| || | 
m 1. Bro, PB x "NH. Кыч + 
. BYo, T. m 
a. CH;CHY “он с E CH;CH’ ‘OH ? CH4CH о NH, 
= | | 
Br "МН: 
alanine 
О о о 
)—оснон, 
1. НО“ 
b. NH - N—CH 
(ШЇ у 
2. CH;CH»OCCHCOCH)CH; OCH CMs 
О | о О 
Вг 
HCl 
н.о! А 
О 
СООН Ц 
их 


+ CH, он + CO, + 2CH,CH,OH 
COOH ote 
glycine 
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Reactions at the a-Carbon of Carbonyl Compounds 


71. A can be prepared by removing an a-hydrogen from acetone with LDA and then adding formaldehyde, 
followed by dehydration. 


[e О [e [e 
| || о | | 
Fx P Е Jk HSO T 
CH; “сн; PATHE cH; “сн; “OCH;CHy "CH, ——— CH,—CH/ ‘CH; 


B can be prepared by removing an a-hydrogen from propionaldehyde with LDA and then slowly adding 
acetaldehyde, followed by dehydration. 


| | | | 
О = 
rs IN | 1 rs ях 
сново `н PATHE оно `n ŒE, сњенен он S. сне CH 
= add slowly | A | 
CH CH; 


C can be prepared by removing an a-hydrogen from 3-hexanone with LDA and then adding formaldehyde, 
followed by dehydration. The yield is poor because 3-hexanone is an asymmetrical ketone; therefore, two 
different a-carbanions are formed that lead to two different a,8-unsaturated ketones. 


О [e О 
| [ о || 
zs Pn icu / Pe 
CH,CH; `сн›сн›сн; "РАМН сн;сн^  ^cH;CH;CH, — — —e ^ OCH;CH/  "CH;CH;CH; 
7 | 
CH; 
LDA 
у Н,504 |А 
| 
(a 
ALCUN || 
CH;CHy  "CHCH;CH, 
Е И 
| CH, == T CH5CH5CH5 
HCH CH; 
О 


Q=0 


H2SO4 


Z N 
CH3CH3 CHCH,CH,; Кл X СН»СН» CCH CH; 


CHO CH, 


D сап be prepared by removing ап a-hydrogen from acetaldehyde with LDA and then slowly adding 
acetone, followed by dehydration. 


| | | | 
О _ 
r% А/ PEN CH een | Por H5SO IN 
LDA/THF 3 3 
CH; ‘н + сн; н ___- (HOCH, `н — CHC=CH H 


add slowly | А | 
СН» СН» 
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Reactions at the a-Carbon of Carbonyl Compounds 


E can be prepared via an intramolecular aldol condensation using 5-oxooctanal. 


1 1 Io I 
И S P RM TES 
[o 
CH,CH,CH; “СН. Н 2 CH;CH,CH — XCHji `H 
o- 
6804 | A 
О 
CHSCHS 
F can be prepared via an intramolecular aldol condensation using 1,7-heptanedial. 
О О О О О 
i |] 
но“ YN SN `y 


P y 
H (CH,),CH; Н H (CH5,CH H 


A small amount of G can be formed via an intramolecular aldol condensation using 7-oxooctanal, but this 
compound can form two different a-carbanions that can react with a carbonyl group to form a six-mem- 
bered ring. Because an aldehyde is more reactive than a ketone toward nucleophilic addition, the target 
molecule will be a minor product. 


Cy. О O С 
Н | | Se 
CH3CCH2CH»CH2»CH2CH2CH 
CH; 
minor product major product 
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Reactions at the a-Carbon of Carbonyl Compounds 


О OH О О 
Я | uw УУ, NaOCl ok НО“ HCl 
" а OH CHCOOH H но H A D H 
0°C 


Н, | Raney Ni 
А. 
NaOCl p но“ РА 1. NaBH, ee 
b. CH;COOH H,O 2. H,0* 
0°C 
н›$О,| А 
У ПН Н; 
Pd/C ENS Tus 
O OH О OH 
NaOCl к но“ A 1. NaBHy pu 
с. “Оон CH;COOH H но Н 2.90* он 
0°C 
OH О 
A NaOCl к HCI 
CH;COOH 
0РС 
wa 
73. At low temperatures (—78 °C), the proton will be more apt to be removed from the methyl group, because 


its hydrogens are the most accessible and are slightly more acidic (that is, the kinetically controlled prod- 
uct will be formed). 


|| | E 
С С 
“св LDA/THF “сн, 
Вг 778€ Вг 
S 


At higher temperatures (25 °С), the proton will be more apt to be removed from the more substituted 
a-carbon, because in that way the more stable enolate is formed (the one with the more stable double 
bond). Thus, the thermodynamically controlled product is formed. 
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Reactions at the a-Carbon of Carbonyl Compounds 


| || | Ns 
C C 
CH; CH,0-/CH,OH < COH 
Br эле МЕ" Вг 
QS 
ог 
С 
“ен, 
Вг 
О 
С р _ + 22 СНз НСІ + СНз 
74. HCH HN — ОСЊ— Nw ==== НОСЊ— Nv 
“ен, Н “сн CH 
=== HOCH;—N + Ht 
N 
СН» СН» 


75. The compound that gives the ЇН NMR spectrum is 4-phenyl-3-buten-2-one. The singlet at 2.3 ppm that 
integrates to 3 protons is the methyl group. Because the benzene ring protons that show signals between 7 
and 8 ppm apparently integrate to six protons, we know that the signals include one of the vinylic protons 
of the double bond. The other vinyl proton is the doublet (6.7 ppm) that integrates to one proton. The com- 
pounds that would form this compound (via an aldol condensation) are benzaldehyde and acetone. 


[e [e О 
| | HO- | 
CH + CH;CCH; CH=CHCCH; + H,O 


4-phenyl-3-buten-2-one 
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Reactions at the a-Carbon of Carbonyl Compounds 


76. The middle carbonyl group is hydrated, because the hydrate is stabilized by the electron-withdrawing car- 
bonyl groups on either side of it. 


О O 
~ | | 
t id ae 
О + HNCHCO- —— м-ЕСН>-с--бг 
2 | formation | 
R R 


О + њо о 
| | _ н 
О :О: | T 
Hx O—H 
>< ОН 
| [^ М= СНВ 
г OH 
+ СО 
О О 
О 
М == СНК 
+ H50 
О 
о ЕА H20, на! 


+ 
+ ЊО 


H20 
p J o О 
О 
$t trace acid NH; 
imine О 
formation | | 
О + RCH 
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Reactions at the a-Carbon of Carbonyl Compounds 


О О б 
| | : 
нб: JUN нб: 
7T. CH;CH” сиси CH;CH’ `СНСН: SA A 


| | N Z7 CH CH 
b H Cj 3 3 


| „д Release of strain 


|| _ 
С С :0 ОН } _ 
JN _ Ум. р; їп the three membered 
CH3CH,CH O —— CH3CHCH OH -— ring causes a ring bond 
| | 


to be the most likely 


CH; CH; CH; СНз bond to break 
O O О 
Se £3 Br 
78. m и = 
HO--OH 
\/ 
О SeOH O O 
+ + 
ОО 
М \ \ 
D :0: :OH 
> + Ht 
1 n Т 
С С С С 
Z Nac N 1. CH3CH,07 P2 P Я 


79. а. CHO СН OGHs по СО СН OC3H; 


CH5CH5CH;CH5CH3Br 


CH3CH50- 


2 CH3CH20H + СО; + 
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Reactions at the a-Carbon of Carbonyl Compounds 


| 0 | 0 
C C C C 
их ~ 1. СНзСН:07 Á NAA N 
b GHO СОН; ОСН; сонш СНО (н ОСН; 
CH;5CH5CH5CH5CH3Br 
malonic ester 
1 | СЊСНЊО“ 
С С 
Y NGA ON N 
CHO CH осн; C — OCH; 
НСІ, ЊО | 
^ CH;CH;CH;CH;CH;CH < 
6 B 12—907, 
| || Ó 
C C 


# Z/N 
HO N(CH OH 
+ 200; + 4CH;CH,OH 


об» Ot OF 


Co 
O O 
l| њо l 
CHOH + со“ CH,O07 + со 
81. а. The mechanism starts with an isomerization that converts isolated double bonds to conjugated double 
bonds. 
O O c+OH 
H a OH A Con 
уг H 5“ Ея Ч 
ка + | 
О OH OH :ÓH 
tautomerization = 
+ 


H,0* 
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Reactions at the a-Carbon of Carbonyl Compounds 


b. The carbonyl group on the left is protonated because electron delocalization causes it to be more basic 
than the other carbonyl group. 


H 
CIT. 
4 
HO OH Bo 
+ H3O* 
82. The benzoin condensation requires the aldehydic hydrogen to be removed. This hydrogen cannot be 


removed unless the electrons left behind can be delocalized onto an electronegative atom. The nitrogen of 
the cyano group serves that purpose. Therefore, the reaction will not occur if hydroxide ion is used instead 
of cyanide ion, because the electrons left behind if the hydrogen were to be removed cannot be delocalized. 


О од ОН 
I> = 
( \ С-Н + :С=М - | Н PE laf cand: 
С С 
|| || 
М М 
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Reactions at the a-Carbon of Carbonyl Compounds 


83. To arrive at the final product, three equivalents of malonyl! thioester are needed. Because only one acetate 
ion was used, only one carbon is labeled in the product. 


О о о о о 
|| и | 


О О 
| | 


С _ С С 


SR 


tautomerization 


D> mi _ 2: 
£r. 2 ^ 
84. CH;C=C OCH; CH;C=C=C енене 
= ос, —7 Xd OCH; 
>. N N 
каш * \CH,COCH; di CH;COCH; 
) | ) 
‘On О О 
- CH c—cu-c t CH c=cH—c” 
/ ue | “осн | “осн 
СНз $ СОСН; МЕ | | | 
| CHCOCH; cC 'CHCOCH; 
О 1 к | 
| CHO: 


Co CH3Ó: Kop CH4Ó—-H OH СНО" 


Ce E — VIL. 
CH3 5 Б СН ~ COCH; СН; S COCH; 
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Reactions at the a-Carbon of Carbonyl Compounds 


85. 
О О о о | | 
г FIR NP DN 
1 d hod | || сну “сн” “осньсн; 
У И“ N CH34CH;0- “хм N CH3CCHCOCH;CH; | 
СН; СН» ОСН»СН» Тасо СН; | ОСЊСНз СН» 
= 
A | 
CH» CH, CH OCH;CH; 
Nu NOE 
|| || 
[e [e 
CH3CH;07 
С d 
CH; О О С C 
| LS © 
C Hs on CH; | ‘CH OCH>CH; 
“SOCH:CH; но, ^" OCH;CH; | 
Ta zx СН 
Е | 
S И О CH, сн OCH,CH, 
COCH;CH; “< 3 
HO + CO, + СЊСЊОН | | | 
О О О 
1 | |] 
С С С C 
/ / | ›0- vi / 
86. СЊСЊО "cHÍ “осносн, LOSCO, снсњо “сн” “осн,сн, 
Ё 2. СНзСН,Вг ^ 7 
1. СЊСЊО- 
d. CH3CHCH;CH5Br 
| 
CH; 
О Hs F F 
СНСН,СНСН; | BK 
HN ер HjNCNH; CH,CH,0  "C/  "OCH,CH, 
a um CH;CH;0- CH,CH/ "CH,CH,CHCH, 
О N О A | 
H CH; 


Notice that in the last step of the reaction, a diester is converted into a diamide. 
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Reactions at the a-Carbon of Carbonyl Compounds 


О O O O О 
| | | | | | 
С С 
СЊСЊО“ Р № ff Хх Z Na AN 
87. сн{ “сн NOCH,CH; „сн; ‘CH OCH,CH, CH; ‘CH OCH,CH; 


ou ССВ q 


CH—O 
CHCH; 
| | 
C 
“он ooo Се 
СНзСН›07 + 
СН»СН» О O CH3CH; OCH,CH, 
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Reactions at the a-Carbon of Carbonyl Compounds 


Practice Test 


Rank the following compounds in order from most acidic to least acidic: 


Iof 1 j 

e C C C C 
сн/ хан “осн, CHÍ ca “ен, сн/ “ен, 
Draw а structure for each of ће following: 
a. the most stable enol tautomer of 2,4-pentanedione 


b. a B-keto ester 

Draw the product of each of the following reactions: 
О О 
|| || 


С 
СМ à 
CHCH; ‘CH, юн —— 


Р 


О 
|| 


С E 
b. CH,CH,CH/ “н 880, 


c. CH,CHCHÍ “осн, 
С С 
I N но“ 


У N 
d. CH,—CH СНз + СНз СН: СН; = 


= 
Џ 


С С 
Z ВЕР М 1. CH3;CH,O~ 
g. СЊСЊО СН» ОСН»СНз — 
2. СЊСЊСЊВг 


3. HCI, ЊО, A 
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Reactions at the a-Carbon of Carbonyl Compounds 
4. Give an example of each of the following: 


a. an aldol addition 
b. analdol condensation 


a Claisen condensation 


= p 


a Dieckmann condensation 
e. amalonic ester synthesis 


f. anacetoacetic ester synthesis 


5. Draw the products of the following crossed aldol addition: 
|| || 
Z N / ES HO 
CH,CHCH,CH; `H + СНзСНСН: `H == 
| 2 
СН» 
6. What ester would be required to prepare each f-ketoester? 


ИЯ М 
a. CH,CH,CH/ ‘CH’ ‘OCH; b. О 
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Reactions at the a-Carbon of Carbonyl Compounds 


Answers to Practice Test 


|| || | 
С С С С С 
/ Ка Z / A 
CH3 “ен; “осн, СН» “ен; “ен, CH3 “ен, 
2 1 3 
OH | Ц | 
| 
сње=<н“ “ен, b cH “сн “осн 
О 
Ц 
| d 
C CHCH; “СН; 
PET | РА 
. CH3CH> СНз + СО d. CH3 CH СН» g. СЊСЊСЊСН 
ИИ 
С С 
|| || 
e \ 
ZN _ 
снн! H + 2Br е. Br 
Br 
I i | 
Cl Cl 
CH;CH,CHY Non” “осн; f. 
| Cl Cl 
CH5CH;5 
|| ош. d 
_ | C 
HO Z N 
2 CH3CH> H А Н 
CH3 
| | | 
OH 
С НО“ | PS Н›804 IN 


y^ 
. 2СН3СН; `H ane Н — > у Н 


CH. CH. 


Q=0 


Хон 
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Reactions at the a-Carbon of Carbonyl Compounds 


О О О 
| if 
м; 1. СНО“ “ч N 
с. 2CH3CH, OCH3 ЭОК" CH3CH) [т OCH3 + CH30H 
. H3 
CH; 
О О | 
| | 
: ч 
Z N "S 1. СНО H 
d. CH;0° 'CHCH;CHCH;CH? ‘ОСН; и оен; 
· 113 
1 1 | 
С С С 
сн,сн,о“ “сн Соснусн, "90. cuca “он 
е. 3C H5 2 2-75 > CHSCHoBE 3C H5C H5 
3. H+, ЊО, A 
1 0 | 
C C е 
1. CH43CH;50^ 
в CHÍ ^cHÍ “осн,сн; m CH,CH,CHY CH; 
2. СЊСЊВг 
3. Н*, H0, A 
ОН | ОН | 
| Pow | PES 
5. CH;CHCH;CH;CHCH H CH;CHCH;CH;CHCH H 
CH; CHCH; CH; CH;CHCH; 
CH; 
OH Ц OH | 
NN ИТМ AN 
CH;CH»CH,CHCH’ `H ныны H 
CH3CH; CH;CHCH; 
CH; 
О 
| | | 
a ZN Z/N 
6. a. CH4CH,CH; “ОСН: b. CH4O — 'CH;CH;CH;CHoCH; ‘OCH; 
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Reactions of Benzene and Substituted Benzenes 


Important Terms 


activating substituent 


arenediazonium salt 
azo linkage 


aromatic compound 


benzyl group 


Clemmensen reduction 


deactivating substituent 


donate electrons by 
resonance (resonance 
electron donation) 


electrophilic aromatic 
substitution reaction 


Friedel-Crafts acylation 


Friedel-Crafts alkylation 


Gatterman-Koch reaction 


halogenation 


inductive electron 
withdrawal 


meta director 


a substituent that increases the reactivity of an aromatic ring. Electron-donating 
substituents activate aromatic rings toward electrophilic attack, and electron- 
withdrawing substituents activate aromatic rings toward nucleophilic attack. 

+ — 
ArN=N X 
а - N—N- bond. 


a cyclic and planar compound with an uninterrupted cloud of electrons containing 
an odd number of pairs of 7 electrons. 


Opa 


a reaction that reduces the carbonyl group of a ketone to a methylene group using 
Zn(Hg)/HRCl, A. 


a substituent that decreases the reactivity of an aromatic ring. Electron-withdrawing 
substituents deactivate aromatic rings toward electrophilic attack, and electron- 


donating substituents deactivate aromatic rings toward nucleophilic attack. 


donation of electrons through p orbital overlap with neighboring т bonds. 


a reaction in which an electrophile substitutes for a hydrogen of an aromatic ring. 
an electrophilic aromatic substitution reaction that puts an acyl group on an 
aromatic ring. 


an electrophilic aromatic substitution reaction that puts an alkyl group on an 
aromatic ring. 


a reaction that uses a high-pressure mixture of carbon monoxide and НСІ to form 
benzaldehyde. 


reaction with a halogen (Bro, Cl), 15). 


withdrawal of electrons through a o bond. 


a substituent that directs an incoming substituent meta to an existing substituent. 


From Chapter 19 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright O 2014 
by Pearson Education, Inc. All rights reserved. 
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Meisenheimer complex 


nitration 


nitrosamine 
(N-nitroso compound) 


nucleophilic aromatic 


substitution (S Ar) reaction 


ortho-para director 


phenyl group 


principle of microscopic 
reversibility 

Sandmeyer reaction 
Schiemann reaction 
SyAr reaction 
sulfonation 

Suzuki reaction 
withdraw electrons by 
resonance (resonance 


electron withdrawal) 


Wolff-Kishner reduction 
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Reactions of Benzene and Substituted Benzenes 


a resonance-stabilized complex formed by addition of a nucleophile to a benzene 
ring 


substitution of a nitro group (МО) for a hydrogen of an aromatic ring. 

an amine with a nitroso (NO) substituent bonded to its nitrogen atom. 

a reaction in which a nucleophile substitutes for a halo-substituent on a benzene 
ring 


a substituent that directs an incoming substituent ortho and para to an existing 
substituent. 


ЊЕ 


a principle that states that the mechanism for a reaction in the forward direction 
has the same intermediates and the same transition states as the mechanism for the 
reaction in the reverse direction. 


C6H5 — 


the reaction of an arenediazonium ion with a cuprous salt. 

the reaction of an arenediazonium ion with НВЕ,. 

a nucleophilic aromatic substitution reaction. 

substitution of a hydrogen of an aromatic ring with a sulfonic acid group (SO3H). 


a reaction that will replace a bromine substituent on an aromatic ring with an alkyl, 
alkenyl, or aryl substituent. 


withdrawal of electrons through p orbital overlap with neighboring т bonds. 


a reaction that reduces the carbonyl group of a ketone to a methylene group using 
NH;NH;/HO , A. 


Reactions of Benzene and Substituted Benzenes 


Solutions to Problems 


1. a. CH,CHCH;CH;CH;CH, b. CHOH е. CH4CH,CHCH,CH, а. СН,Вг 
| 
СТ CH) 


2. Electrophilic addition to benzene is an endergonic reaction because benzene is more stable than the product 
of the reaction. 


An alkene is much less stable than benzene because it is not aromatic. Electrophilic addition to an alkene 
is an exergonic reaction because the alkene is less stable than the product of the reaction. (The overall reac- 
tion converts а с bond and a 7 bond into two o bonds; а с bond is stronger and, therefore, of lower energy 
than a т bond.) 


3. Ferric bromide activates Br» for nucleophilic attack by accepting a pair of electrons from it. Hydrated ferric 
bromide cannot do this because it has already accepted a pair of electrons from water. 


4. Solved in the text. 


5. In sulfonation (the forward reaction), A to B has a smaller rate constant (a higher energy barrier and, 
therefore, a slower reaction) than B to C; A to B is the rate-determining step. 


In desulfonation (the reverse reaction), C to B has a smaller rate constant than B to A, but B to A is the 
rate-determining step, because once B is formed, it is easier for it to go back to C than to proceed to A. 
Therefore, B to A is the bottleneck (or rate-determining) step. 


This example shows that the rate-determining step of a reaction is not necessarily the step with the smallest 
rate constant; it is the step that has the transition state with the highest energy on the reaction coordinate. 


the rate-limiting step in both the 
forward and reverse reactionst 


Free Energy 


SS 
Progress of the Reaction 
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Reactions of Benzene and Substituted Benzenes 


pon p. 
| 
СЄ... „С + „АС C C R—C-O 
R^ ^O^ ^R R^ 67 ^R t 
< | acylium ion 
“AICI, 
A carbocation rearrangement occurs in b. and e. 
сн, сн, 
СН,СН; CHCH;CH; ССН» 
а. с. е. | 


CH, CH, 


т. 


еи CHCH,CH,CH, 
а 


У 


АСЬ 


| 
CHCH CH,CH =CH 
b. а. Tu f. 2 2 
CH, 
8 а. g 


OAICh 


You could also use 1-chloropentane as the alkyl halide because it would rearrange to form the desired 


alkyl group. 


[9] 


1. CH.CH;CH;CH5CCI 


(э | 
+ AICI 
2. ЊО > (3 CCH;CH;CH;5CH34 
temo 5 | 
2, 


ВЕ СЊСЊСЊСЊСНза 
ВЕ СН»СН»СН»СН»СН» 


ог 


Вг 
——. {_у—к + (CH43CH;CH;CH;CH;);CuLi 
FeBr, 


or 
Бї... PdL, 
FeBr Br + CHCH CHCH /CH,B(OR), o СЊСЊСЊСЊСНа 
3 


10. 


11. 


= Оо > 


Reactions of Benzene and Substituted Benzenes 


COOH CHOCH; 


COOH d. CH;CH5NH, 


ava". 


Solved in the text. 


ja 
СН,СН; CHCH; 
CH4CH;CI Bry 
МС ћу 
ог Вг, | FeBr; tert-BuO ^ 
CH=CH, 
СУ PdL, 
(CH4CH5)N 
CH= СН» СН»СН»Вг 
НВг 
peroxide 
product of b 
CH= CH, CH5CH50H 
1. BH/THF 


2. НО”, НО», ЊО 


ХО; NH, 
Н, 
Pd/C 
CH; COOH 
CH;Cl Н,СгО4 
AIC], A 


ortho-ethylphenol or 2-ethylphenol 


d 


product of b 


meta-bromochlorobenzene ог  1-bromo-3-chlorobenzene 
meta-bromobenzaldehyde ог 3-bromobenzaldehyde 
ortho-ethylmethylbenzene or 2-ethylmethylbenzene 
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14. 


15. 


16. 


17. 
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Reactions of Benzene and Substituted Benzenes 


СН» b. CH3 с. СНз а. SO3H 
Cl 
OH 

NH; CH; 

CH; c. NH, e. OH g. HC—O 

| МО» Вг МО; 

СІ ON 
I 

OH d. C=N f. Cl h. NH» 

| Cl Cl Cl 

Br Br 

CH; 

1,3,5-tribromobenzene c. para-bromomethylbenzene or 4-bromomethylbenzene 
meta-nitrophenol or 3-nitrophenol d. ortho-dichlorobenzene or 1,2-dichlorobenzene 


donates electrons by resonance and withdraws electrons inductively 
donates electrons by hyperconjugation 

withdraws electrons by resonance and withdraws electrons inductively 
donates electrons by resonance and withdraws electrons inductively 
donates electrons by resonance and withdraws electrons inductively 
withdraws electrons inductively 


phenol > toluene > benzene > bromobenzene > nitrobenzene 


A chloro substituent attached to a methyl group withdraws electrons inductively and, therefore, causes 
the substituent to be less activating. Do not confuse this with a chloro substituent attached to a benzene 
ring that withdraws electrons inductively and donates electrons by resonance. 


toluene > chloromethylbenzene > dichloromethylbenzene > difluoromethylbenzene 


Solved in the text. 


18. 


19. 


20. 


Reactions of Benzene and Substituted Benzenes 


0: H Ө: 
+ 


~ с“ 

:Cl: i Cl: 

S 
b. — > |) 
а. СН»СН»СН» СЊСЊСНза 
у NO, 

+ 
ZA 
Br 
МО» 

+ 


They are all meta directors: 


V / 


NO> 


H 0: 
“с . 
+ 
+С: 
| 
О 
| 
с. cr “нң 
МО» 
a 
d. Cr 
NO, 


H D: H ZO 
Ne “2 
(У 
Me Cl 


SO3H 
е. cr 


МО» 


f. 
+ 
МО» 


МО» 


a. this group withdraws electrons by resonance from the ring. The relatively electronegative nitrogen 
atom causes it to also withdraw electrons inductively from the ring. 


es 


сн- снесе 


МО» withdraws electrons inductively and withdraws electrons by resonance. 
CH,OH withdraws electrons inductively from the ring. 


d. COOH withdraws electrons inductively and withdraws electrons by resonance. 


Or 
C— OH 


e. СЕ; withdraws electrons inductively from the ring. 
f. N==O withdraws electrons inductively and withdraws electrons by resonance. 


629 


Reactions of Benzene and Substituted Benzenes 


You could draw resonance contributors for electron donation into the ring by resonance. However, the most 
stable resonance contributors are obtained by electron flow out of the benzene ring toward oxygen, the 
most electronegative atom in the compound. 


resonance electron donation resonance electron withdrawal 
into the ring out of the ring 
21. For each compound, determine which benzene ring is more highly activated. The more highly activated 


ring is the one that undergoes electrophilic aromatic substitution. 


a. Solved in the text. 


Br 
| | 
b. CH; С СОСН» 


c. Because the right-hand ring is highly activated and a catalyst is employed, monobrominated, dibro- 
minated, and tribrominated compounds can be obtained. However, since only one equivalent of Вг» is 
available, there is not enough bromine to brominate all the reactive positions. Therefore, a mixture of 
unreacted starting material and the four products shown below will be obtained. 


Br 
"a 
Br 
СН»О > Вг 
Вг 
d. Because the left-hand ring is highly activated and а catalyst is employed, both ortho positions can be 


brominated. Because there is not enough Bry available to brominate both reactive positions, a mixture 
of unreacted starting material and the two products shown below will be obtained. 


€ Sco So 


мы къ qe 
БА 


Вг Вг 
тала лаа: 
Вг 
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Reactions of Benzene and Substituted Benzenes 


22. For a, b, and с: the closer the electron-withdrawing substituent is to the COOH group, the stronger the acid. 


a. CICH,COOH d. COOH f. HCOOH 
A hydrogen is 
electron withdrawing 
compared to a methyl group, 
since a methyl group can 
b. O,NCH,COOH The predominant effect of the CH30 donate electrons by 
group is to donate electrons by hyperconjugation. 
resonance, so it decreases the acidity 
of the carboxylic acid. 


+ 
€ H4NCH5;COOH е. HOOCCH;COOH 5. FCH,COOH 
It is easier to lose the first proton Fluorine is more 
from a dicarboxylic acid than the eletronegative 
second proton. than chlorine. 
COOH 
h. 


We know that F withdraws electrons inductively more than Cl 
does, because F is more electronegative than Cl. 

We know that F donates electrons by resonance better than Cl 
does, because F donation involves 2p—2p overlap, whereas Cl 

Cl donation involves 3p—2p overlap. 

Because Table 1 shows that F is less deactivating than Cl to- 
ward electrophilic aromatic substitution, we know that overall 
F donates electrons better than Cl. Thus, resonance electron 
donation is more important than inductive electron withdrawal. 
(See the answer to Problem 17.) 


23. When para-nitrophenol loses a proton, the negative charge in the conjugate base can be delocalized onto 
the nitro substituent. Therefore, the para-nitro substituent decreases the pK, both by resonance electron 
withdrawal and by inductive electron withdrawal. 


OH :0: 
as 


N 
un mu ҮЕ 
ser * 39 art fe 
When meta-nitrophenol loses a proton, the negative charge in the conjugate base cannot be delocalized 
onto the nitro substituent. Therefore, the тета-пиго substituent can decrease the pK, only by inductive 
electron withdrawal. Therefore, the para isomer has a lower рК. 
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OH :0: 
С 


o— z+ 


24. a. Because fluorine and chlorine both deactivate the benzene ring toward electrophilic aromatic substitution, 
they increase acidity compared to unsubstituted benzoic acid. Problem 17 explains that fluorine is the 
weakest deactivator of the halogens, because electron donation by resonance is more important than 
inductive electron withdrawal. Therefore, o-chlorobenzoic acid is the strongest acid of the three. 


b. Benzoic acid is the weakest acid of the three, because it does not have a deactivating (overall electron- 
withdrawing) substituent on the ring. 


25. Notice that in all three syntheses, the Friedel-Crafts reaction has to be done first. Both NO, and SO3H are 
meta directors, and a Friedel-Crafts reaction cannot be carried out if there is a meta director on the ring. 


О О 
| | Ц 
С 
~ 
1. CH3CCI/AICI “єн; HNO; СН» 
2. H20 H5S0, 
О МО» О 
о || || 
[ Сы С 
1. CH;CH)CCV/AICI, СЊСНа H2504 CH2CH3 
2. ЊО 
SO3H 
СН» СООН СООН 
ва = О, __ЊСО, _ HN Е 
АСЫ 7  HoS0,- 
26. No reaction will occur in a and c, because a Friedel-Crafts reaction cannot be carried out on a ring that 
possesses a meta director. 
а. no reaction с. по reaction 


NH, МН, СН; CH; 
Br d СН» 
+ + 
Вг CH; 
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27. a. Unlike m-dipropylbenzene that requires a coupling reaction to be used in its synthesis, a coupling 
reaction does not have to be used in the synthesis of p-dipropylbenzene. The propyl group is ап ortho/ 
para director, so propylbenzene can undergo a Friedel-Crafts reaction. 


O 
| | 
i C CH,CH,CH; 
1. CH,CH,CCI/AICI, CH CH, н, 
2.Њ,0 = РИС 
? О 
1. CH;CHCCV/AICI; 
2.H,0 
CH,CH,CH, ; CH CHCH; 
2 


CH4CH;CH; 


b. Acoupling reaction can be used in the synthesis of p-dipropylbenzene. Notice that bromination occurs 
after the reduction of the carbonyl group. In contrast, bromination occurs before the reduction reaction 
in the synthesis of m-dipropylbenzene. 


O 

А | 

| | Сс CH,CH,CH;3 
1. CH,CH;CCI/ALCI, CH CH; н, 
2. H,O а Pd/C 

Br, | FeBr3 
CH,CH,CH; CH,CH,CH; 
CH,CH5CH,B(OR), 
—< 
CH4CH;CH; PHI NaON Br 
or 


(CH;CH;CH,),CuLi 
~< 


28. In Problems с, g, and В, the carbonyl group can be converted to a methylene group by Н», Pd/C (as is used 
in с), or by a Wolff-Kishner reduction (as is used in g), or by a Clemmensen reduction (as is used in h). 


CI 


Cl Cl 
a. Cl, HNO; Ho, Pd/C 
FeCl; H2SO4 
МО» NH, 
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МО» МО» 
Ь. HNO; Ch Hy, Pd/C 
“ESO, O4 FeCl; 
Cl 


c. Note that benzaldehyde is formed by the Gatterman-Koch reaction. 


| | 
C C CH 
N 3 
Ges CO, HCI CY `H Br, Hy 
> 2 
pres pressure mae d 
AICI}, CuCl кезү, FUR 
Br Br 
(CHj,Culi or | CH,B(OR), 
THF PdL;, NaOH 
CH, 
CH, 
ri 
CH3CHCH3 са СН:С==СН, 
СН» 
d. | 
СН»СНС1 NBS, A tert-BuO ^ 
МС peroxide 
СН» СООН СООН 
е. 
CHCI н›СгО, HNO; 
МС А H2SO4 
МО» 
СН» СН» СООН 
f. 
CHCl HNO; н›СгО, 
АС Н,804 А 
МО» МО» 
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g. 
| О 
1. ues CCH;5CH; CCH2CH3 Zn(Hg) „„ НН; CH;CH;CH; 
+ AICI Bry HCLA ^ HOS, A 
2. ЊО FeBr; or Н,, Pd/C 
Br Br 
| 


1. — а ССН»СН»з Zn(Hg) r HoNNH, CH5CH;CH5 СЊСЊСНза 
+ AICI; HCLA ° HOS, A FeBr; 
2. H20 or H,, Pd/C 
Br 


i. Notice that in the second step of the synthesis, epoxidation followed by the addition of hydride ion is 
used to add water to the double bond in order to avoid the carbocation rearrangement that would occur 
with the acid-catalyzed addition of water. 


CH,CH=CH, сн›с— EM CH;CHCH; 
CH; —CHCH4CI MCPBA 1. NaH | 
AICI; 2. HCl OH 


COOH COOH 
29 ü COOH is a meta director and 
. И Br Br is an ortho-para director, so both 
FeBr3 direct to the same position. 
Br 
CH; CH; 
COOH COOH COOH 
COOH COOH COOH 
b. Ch 
FeCl, 
Cl 
Cl 

COOH directs to the meta Less of this compound 

position. The same product will be obtained because 

will be obtained regardless of steric hindrance. 

of which COOH is the 

director. 
COOH COOH 

COOH directs to its meta 
с. Bro position and Cl directs 
ee to its ortho position, 
9 so they both direct to the 
Br aye : 
same position on the ring. 

Cl Cl 
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ОСН; ОСН; 
МО» i А е 
а. HNO; A methoxy substituent is strongly activating 
ESO; and a fluorine substituent is deactivating, so 
m the methoxy substituent will do the directing. 
F Е 
н О н 
\ 4 и 
С f C 
" The aldehyde group is a meta director and 
HNO; the methoxy group is an ortho-para director, 
504 so both direct to the same position. 
МО» 
ОСН» ОСН; 
СН; СНз CH3 
МО» 
f. HNO; 
H2S04 
МО» 
а Уа CH3CCH, 
СН» СН» CH; 
Less of this product will be obtained 
because of steric hindrance. 
30. Yes, the advice is sound. 


The para isomer will form one product, because the formyl and ethyl groups both direct to the same posi- 
tions and both positions result in the same product. 


The ortho isomer will form two products, because the formyl and ethyl groups both direct to the same posi- 
tions but different products are obtained from each position. 


The meta isomer will form four products because the formyl and ethyl groups direct to four different posi- 
tions and a different product is obtained from each position. 


H O 
Чу, - Чу, 
с“ с“ с“ 


CH;CH5 | 
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31. Solved in the text. 


32. FeBr; would complex with the amino group, converting it into a meta director. The NH» group is a strongly 
activating substituent, so a Lewis acid is not needed. 


 FeBr, 


fu. \, *NH, 
пп 
СТ + FeBr, 


33. Because a diazonium ion is electron withdrawing, it deactivates the benzene ring. А deactivated benzene 
ring would be too unreactive to undergo an electrophilic substitution reaction at the cold temperature nec- 
essary to keep the benzenediazonium ion from decomposing. 


NO, NH 
34. _HNO; _ H,, Pd/C мао: 
“HS0, —на,0°с” 


35. a. Solved in the text. 


b. The reaction steps are the same as those in a except for the last step. In the last step, the meta-bromo- 
substituted diazonium ion should undergo the reaction shown here rather than the reaction with CuBr. 


- OH 
Cu,0 
Cu(NO3), О 
or 


" 
Br H30 Br 
A 
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c. The first approach is longer, but it will generate a higher yield of the ortho isomer. 


*tZN - 
NO, NH, N^ Cl 
HNO; Н, Pd/C NaNO, 
#50, HCI, 0 °С 
Си2О бї 
кш HOt, A 
OH OH OH OH 
#50" Ch #50, 
А FeCl, A 
Cl НО;5 СІ НО»5 
ог 
Cl Cl Cl 
Ch HNO; H,, Pd/C 
FeCl, Н,804 
МО» NH, 
NaNO, 
НСІ 
0°C 
Cl Cl 
СО 
сщ OS + 
OH 2 
" “у 
H30*, A СГ 


d. The nitro group cannot be placed оп the benzene ring first, because a Friedel-Crafts reaction cannot 
be carried out on a ring with a meta director. Because formyl chloride is too unstable to be purchased, 
benzaldehyde is prepared by the Gatterman-Koch reaction. 


O О 
С С 
AICL/CuCl “н HNO; ^H 
4 + HCI ^u 7 | 
СО С high ET 
pressure 7 
МО» 
Zn(Hg) _ Н,ММН, 
НОА "нога |° Ha rae 
СН» 


МО» 
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CH; 
е. CH;Cl HNO; H5, Pd/C 
AICI; #8504 
Мако; | o 
нсі |9°C 
Сис ŒN 
С 
2 
Nf A 
f. CH; СН,Вг CH;OH 

CH4CI Bry 

AICI; hy 

Хаос! у 
CH;COOH 
or 
O | i 
C. C S 
CO, HCI H 
high pressure E =. 
AICh, CuCl 
36. Because the para position is occupied, the electrophile will add to the ortho position. (Attack at the ortho 


position is slower than attack at the para position because of steric hindrance, but since the para position is 
not available, the slower reaction will prevail.) 


OH 
+ 
+ N=N ве 
ст 
СН. 


CH, 
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37. You can see why nucleophilic attack occurs on the neutral nitrogen if you compare the products of 
nucleophilic attack on the two nitrogens. Nucleophilic attack on the neutral nitrogen forms a stable product, 
whereas nucleophilic attack on the positively charged nitrogen would form an unstable compound with 
two charged nitrogen atoms. 


N N 
a — 
Cy + № CY 


The terminal nitrogen is electrophilic because of electron withdrawal by the positively charged nitrogen. 
If you draw the resonance contributors, you can see that the "neutral" nitrogen is electron deficient. 


TES 


УК „223 
ge y" 
Cy 


N N 
NS NS 
38. а. —N Snt b. —N BS 
SO; 
activated ring diazonium ion activated ring diazonium ion 
39. Immediately after hydrolysis of the amide bond, carbon dioxide is lost. We know then that the indicated 


amide bond is the one that is hydrolyzed because carbon dioxide can then be lost since the electrons left 
behind can be delocalized onto the carbonyl oxygen. 


о. „МН о. Ле 
N, N 
<=> ~ М H,O — ~ М 
\ N | \ HN 
хе a. NX ~ 
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40. The nitrosamine formed from a secondary amine cannot form a diazonium ion when the nitrogen-nitrogen 
double bond is formed because the nitrogen cannot lose its positive charge by losing a proton. Therefore, 
the reaction stops at the nitrosamine. 


]^ m 
JS —N—o- 
№7 N—O N—N О 
nitrosamine 
41. Note: Diazomethane is both explosive and toxic, so it should be synthesized only in small amounts by 


experienced laboratory workers. 

The first step of the reaction is formation of the methyldiazonium ion as a result of removal of a proton 
from the carboxylic acid by diazomethane. 

In the second step of the reaction, the carboxylate ion displaces nitrogen gas (№) from the methyldiazo- 
nium ion in an Sy2 reaction. High yields are obtained because the only side product is a gas. 


| | | 
P £y + „СС N ЊЕ РА 
R O—H + СН›—М=ЕМ = R О: + CH3--N=N R OCH; + № 
diazomethane methyldiazonium 
ion 
42. From the resonance contributors, you can see that the reason that meta-chloronitrobenzene does not 


react with hydroxide ion is because the negative charge that is generated on the benzene ring cannot be 
delocalized onto the nitro substituent. 

Electron delocalization onto the nitro substituent can occur only if the nitro substituent is ortho or para to 
the site of nucleophilic attack. 


KCN Cl, OH Cl, OH Cl, OH 
МО» МО» = NO; NO; 
43. a. The more nitro substituents ortho and para to the halogen, the faster the rate of nucleophilic aromatic 
substitution. 


1-chloro-2,4-dinitrobenzene > p-chloronitrobenzene > chlorobenzene 


b. The fewer nitro substituents attached to the benzene ring, the faster the rate of electrophilic aromatic 
substitution. 


chlorobenzene > p-chloronitrobenzene > 1-chloro-2,4-dinitrobenzene 


Br Br OH 
МО» NO; 
44. a. Bry HNO; но" 
FeBr3 Њ804 А 
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Br Br + NH3 МН» 
b. Br; HNO; NH; НО“ 
ЕеВгз Њ804 А 
МО» МО» МО» 
Вг Вг ОСН» 
с. Br; HNO; СЊО 
FeBr3 H5S0, ^ 
МО» МО» 
Н,, Pd/C 
OCH; ОСН; ОСН; 
CuBr NaNO) 
НСІ 
0°C 
Br N _ NH2 
||| СТ 
М 


d. This synthesis would be carried out exactly as in с (above) except for the last step, which would be: 


OCH; OCH; 
a | H3PO5 
Su 
+ 
||| Cr 


Ман 
45. а. ВСЊСЊСЊСНСЊСН ЊУ 
РС EH) | епз CH;CH; 


OH 


ІСІ 
Ь. Cl AlCl; 


| 
CH3CH;5CH;CHCH; 


c. In this synthesis and in the synthesis of d, a primary alkyl halide cannot be used in the first step 
because the carbocation will rearrange to a secondary carbocation and will result in the formation of 
a methyl-substituted five-membered ring. In contrast, a primary allyl halide can be used because the 
initially formed allyl cation is stabilized by electron delocalization and is not prone to rearrangement. 
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Br 
_ S NBSA A 
“peroxide 
CH,CH=CHCH,Cl 
Но, Pd/C 
Br 
CY um „ВО _ ВиО” 
d. Br 
АСВ NBS, A 
peroxide 
CH5CH =СНСН»С1 
H2, Pd/C 
| 
СООН Вг СООН 


a HCl Mg 1. СО» 
mL — 
Et;O 2. HCl 


NaH 


e. Е СН» 


б eae CH, 
OH 


f. 
О СН›СН==СН› 2. но, н.о,, 0 СЊСЊСЊОН 


О 
product of е 


46. а. e OS Су 
3 ЕЕ “Сү су 


= 


CH=CH, 
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47. a. m-bromobenzoic acid d. p-nitrostyrene 2. o-bromomethylbenzene 
b. 1,2.4-tribromobenzene e. m-ethylanisole h. p-cyclohexylmethylbenzene 
c. 2,6-dimethylphenol f. 3,5-dichlorobenzenesulfonic acid i. 2-chloro-4-ethylazobenzene 
48. | 
| о~ 2 ЊО 
Bro, Ch, HNO;, H5S04 CH;CH.CI, 
[3 [Fe HSO, | А AIC || О 
Вг С1 МО» SO3H 1. СНЗССІ 
Cy CY CY + АС 
Zae) ог ЊУРАЈС 
Н,, Pd/C НЕ В 
НуКапеу Ni МАН 
Вг OH НО’, A 
NH, 


n | CuCl | CuBr | KI | CuCN оо Cu(NO,), НуРО;) 
А H,O or Н; ОЁ, A 
М 
Е CI Br I | сё | OH 
| Н, Raney Ni 
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HC CH>CH; 


CH;CH; | te С1 ОСН» 
\ CH NO 
a. с. н е. 3 g. 2 
49. 
OH 
Br 
SO3H NH; CH=CH, CH; 
Br СІ 
Ь. а. f. h. 
Cl 
NO, Cl 
COOH 
1. о; 
СІ 


50. CH,CH; donates electrons by hyperconjugation and does not donate or withdraw electrons by resonance. 
NO, withdraws electrons inductively and withdraws electrons by resonance. 

Br deactivates the ring and directs ortho/para. 

OH withdraws electrons inductively, donates electrons by resonance, and activates the ring. 


*NH; withdraws electrons inductively and does not donate or withdraw electrons by resonance. 


К ЛС , | 
c. 


props 


CH; | 
52. а. С 
МО» 
CH; 
CH;CHCH; CH;CHCH; NH; 
b. а! а. CH; 
+ 
Cl N 
| 
^ 
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Br СН»СН» CHCH; 
e g Br 
+ 
Br 
О О Вг 
OH OH COOH 
f. SO3H h. 
COOH 
SO3H 
53. The more activating the substituent, the more basic is the NH) group. 
| 
cuo Sw > om Sow » (У > ЕЕ? 
54. The least reactive compound will be the one that yields the highest percentage of meta product. 
i | „СН; | „СНЕ, СЕ; 
most reactive least reactive 


highest % meta product 


j CY N(CH); сү CH;CH)N(CH3)s 


least reactive most reactive 
highest % meta product 


CH20CH3 СОСН» 


3. | , OCH5CH5 


most reactive least reactive 
highest % meta product 
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55. cuo oos 


56. These are intramolecular Friedel-Crafts alkylation reactions. Notice that a carbocation rearrangement 
occurs in part a. 


( &— Ach -— 


Cl: 
d [omma i 
— > 


а. 
Cy ~~ АСЦ 
+ 
" 
—CR-— 
H 
HB* Lip 
SO3H SO3H 
57. a. H,SO, Cl, 
A FeCl, 
Cl 
b. 
[0] | О 
| || 
1.CH;CCl C. Zn(Hg) || H9NNH, 
+АСЬ CH; œ “Nou, HCLA ® Н-д" CH,CH, 
2. ЊО FeCl, or H,, Pd/C 
Cl Cl 


647 


Reactions of Benzene and Substituted Benzenes 


NO, NO, NH, 
с. HNO; Вг» Н), Pd/C 
——— ве ы— > 
H5S0,4 FeBr3 
Br Br 
or | NaNO, 
С на 
ZN 
с2 + 27 М 
Q CuC =N ©; СІ 
4 
Вг Вг 
д. 
| 
1. ЕРА 9 CCH2CH2CH2CH3 2682) or H9NNH; CH5CH5CH5;CH5CH5 
+ А1С HCLA ^ HO.,A 
2. HO “or or Н,, Pd/C 
COOH COOH 
е CH3Cl m Bry 
АСВ > n 
COOH 
CH COOH 
f. СНС! H5CrO, HNO; 
АСВ А H580, 
МО» 
Но, Pd/C 
COOH COOH COOH 
Си2О NaNO, 
Си(МОз)›, HCl 
H,O 0°C 
or 
OH Нол +N МН, 
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g. CH; CH; CH, 
CH;Cl HNO; Hb, Pd/C | 
— —— 
AICI, Н,504 


ON HN 
NaNO, 
НСІ 
0°C 
Си2О 
a 
mA n 
HO б gN 


h. CH; CH,Br _ CH,OH 
CHCl Br; HO 
— елити“ 25 === 
AICI; hv 


+N ZN 
NO NO 2 d 
HNO; 2 Н, 2 NaNO, N CuCN С 
— — — — o 

#50, РИС на 
0°С 

СНМН, 

58. а. Two products will be obtained. Less of the product on the right will be obtained because of steric 


hindrance. 


CH; СН; CH; 
CH; CH; CH; 
Clo is 
FeCl; 
Cl 
Cl 


b. One product will be obtained. (Notice that the four positions are equivalent.) 


CH; CH, 
Cl 
Ch; 
FeCl; 
CH, CH; 
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c. Two products could be obtained, but little, if any, of one of the products will be obtained because of 
steric hindrance. 


CH; CH; CH; 
Cl 
Ch 
+ 
FeCl; 
CH3 СН» СН» 
Cl minor 
major 
59. a. anisole > ethylbenzene > benzene > chlorobenzene > nitrobenzene 
b. 2,4-dinitrophenol > 1-methyl-2,4-dinitrobenzene > 1-chloro-2,4-dinitrobenzene 
c. p-cresol > p-xylene > toluene > benzene 
d. phenol > propylbenzene > benzene > benzoic acid 
e. p-chloromethylbenzene > p-methylnitrobenzene > 2-chloro-1-methyl-4-nitrotoluene > 
]-methyl-2,4-dinitrobenzene 
f. fluorobenzene > chlorobenzene > bromobenzene > iodobenzene 
NO; CH; 
2 a о CH, O. „СН; n 
| + | 
О 
ОМ р 
ОСН» ОСН» 

с 

О О 

| + 
| од О 
(0) О 
TERTAT О 
Вг 
CH;CH;CH;0H CF; 
e f. 
Cl 
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61. Three ways to synthesize anisole from benzene are shown below. 
N — 
NO, NH, = Ol 
1. HNO; Hp, РАС HCI 
_—== — 
H250, NaNO; 
0°C 


CH30H | HCl, A 


| OCH, 

N __ 

NO, NH, N* а 
2. HNO; H, Pd/C НСІ 
H2504 NaNO, 
0C 


ЊО | A 


OCH, H 
1. НО“ 


PESE 
2. СНА 


СҮ 
С1 С1 OCH; 
Cl HNO; CH307 
3. — ——— CHO. Er 
N 


FeCl; Н,504 А 
ON О 
Hp, Pd/C 
OCH; OCH; да OCH; 
NUN NaNO; 
+ 0°C 
" ZN HN 
CI 
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62. а. NO; c. OCH; e. | 
| N 2° ССН; 
ye COOH Br 
Cl эй! 
b. n d. OH f. OH 
| | minor 
OCCH3 ы. yk м 2 
CHOC“ | ~ | CH, 
| COOH 


CH; 


О О 


CH; 


| 
О 
о О 
C 
C 
~ 1. AICI 
Cl 3 
63. 1. CY ; CX iUo СТ КА 
С С 
а“ 1. AICI, 
+ 2. НО 
СН 


CH; 


64. Because the 2p orbital of oxygen overlaps better than the 3p orbital of sulfur with the 2p orbital of carbon, 
oxygen is better than sulfur at donating electrons by resonance. Therefore, the benzene ring of anisole is 


more activated toward electrophilic aromatic substitution than is the benzene ring of thioanisole. 


65. Anisole will undergo electrophilic aromatic substitution (07 is the electrophile) primarily at the ortho and 


para positions. 


OCH; OCH; 
D D 
+ DO 0,804 
Н Н 
р 
66. The compound with the methoxy substituent is ће more reactive because it forms the more stable carboca- 


tion intermediate. The carbocation intermediate is stabilized by resonance electron donation. 


2 + 
202 CH— СН: 
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67. The signal at ~7 ppm that integrates to 5H indicates a monosubstituted benzene ring. A monosubstituted 
benzene ring contains six carbons and five hydrogens. Subtracting these atoms from the molecular formula 
of C;5H», gives us a substituent with 7 carbons and 15 hydrogens. The compound shown below has the 
correct number of carbons and hydrogens that will give two singlets with one (9H) having 1.5 times the 
area of the second (6H). 


68. The rate-determining step in the Sy1 reaction is the formation of the tertiary carbocation. An electron- 
donating substituent will stabilize the carbocation and cause it to be more easily formed. An electron- 
withdrawing substituent will destabilize the carbocation and cause it to be less easily formed. 


ji T jid jd i 
CH3CCH3 CH3CCH3 CH3CCH3 CH3CCH3 CH3CCH3 
> > > > 
ОСН»СН» ү СЊСЊСНза CHCICH3 SO3H 

O 


69. a. 


+ 
NO, NH, сна М— СН. 
HNO; Hp, Pd/C excess | 
—— > а = 
H2SO4 KCO; CH; I 
b CH;CI in E У 
. QR HNO; Н», Pd/C | 
2 
AlCl; о, — 


NO, NH, 
NaNO: 
нај | 0°C 
O;N CH; "M i 
НМОз Cu20 
—— «=== 
Н›504 Cu(NO3)o, + 
ОН ОН H20 N 
or Syn 
H305, A Cl 
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HNO; 


— 
H5804 


—- 
FeBr3 


HNO, 
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СНС 
—— 


МС 


— 
H5S0, 


Br 


me 

eO cy 
bd нхо, 
oe 


FeBry 


ДҮ 
ON 


С ‚ СН›С1 


Вг 


Вг 


» 


—— ÀÀ 
АСВ 


= NH, 
МН, 
——— 
ON 
NH, 
Ho, Pd/C 
Br 
oc |NaNO> 
0^C | HCI 
+ М 
М Г 
КІ Cl 
Br 
MgBr 
BrMg 
D0 
D 
D 
NHCH, 


2. HOT 


1. СН;МН,, A 
————— ÀÀ 


ОМ 


70. 


71. 


С 
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a. The halogens withdraw electrons inductively and donate electrons by resonance. Because they all 
deactivate the benzene ring toward electrophilic aromatic substitution, we know that their electron- 
withdrawing effect is stronger than their electron-donating effect. Therefore, an ortho-halo-substituted 
benzoic acid will be a stronger acid than benzoic acid. 


b. Because fluorine is the weakest deactivator of the halogens, we know that overall it donates electrons 
better than the other halogens. Therefore, ortho-fluorobenzoic acid is the weakest of the ortho-halo- 
substituted benzoic acids. 


c. The smaller the halogen, the more electronegative it is and therefore the better it is at withdrawing 
electrons inductively. The smaller the halogen, the better it is at donating electrons by resonance be- 
cause a 2p orbital of carbon overlaps better with a 2p orbital of a halogen than with a 3p orbital of a 
halogen and overlaps better with a 3p orbital than with a 4p orbital. Therefore, Br does not withdraw 
electrons as well as Cl, and Br does not donate electrons as well as Cl, so their pK, values are similar. 


a. The weaker the base attached to the acyl group, the stronger its electron-withdrawing ability; therefore, 


the easier it is to form the tetrahedral intermediate. (para-Chlorophenol is a stronger acid than phenol 
so the conjugate base of para-chlorophenol is a weaker base than the conjugate base of phenol, etc.) 


С C C C 
EN BUR EP > oa % 
CHÍ о а CHÍ ~œ CH, © CH, CHÍ © 


b. The tetrahedral intermediate collapses by eliminating the OR group. The lower the basicity of the OR 
group, the easier it is to eliminate it. 


|| || || 
C > C C 
/ 77N ys 


Thus, the rate of both formation of the tetrahedral intermediate and collapse of the tetrahedral interme- 
diate is decreased by increasing the basicity of the OR group. 


СН» 
МО» 
very minor product CH; 


MGR major product 


b. The major product is 1,4-dimethyl-2-nitrobenzene 
para-Xylene is more reactive than benzene toward electrophilic aromatic substitution. The methyl 
groups activate the ortho positions, so all four positions on the ring are activated. Attack on any one of 
the four leads to the same compound. 
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73. 


74. 


75. 
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The reactions is part a and part b are intramolecular Friedel-Crafts acylation reactions. 


a. 
O O 1 
La. EN. pw АСЦ 
CE ac ж КЕЕ. |. 
SQ 


Se | 
o H 
HB* 
О 


The ЇН NMR spectrum is the spectrum of butylbenzene. 
The benzene ring protons at ~7.2 ppm that integrate to 5 protons indicate a monosubstitutied benzene ring. 


The two triplets and two multiplets indicate a straight-chain butyl group. 


€ \-cazcuscncn, 


Therefore, the acyl chloride has a straight-chain propyl group and a carbonyl group that will be reduced to 
a methylene group. 


О 
Ц 
CH,CH,CH; “сі 


meta-Xylene will react more rapidly. In meta-xylene both methyl groups activate the same position, 
whereas in para-xylene each methyl group activates a different position. 


CH; CH3 
— 5 
CH; РА 


СН» 


Reactions of Benzene and Substituted Benzenes 


COOH COOH COOH 
76. a. b. с. 
СООН СООН 
сы 
СН» 
77. The highest frequency signal is the one with the most deshielded proton, that is, the one with the least elec- 


tron density. (The signal farthest to the left on the spectrum.) 


a. The oxygen withdraws electrons inductively from the carbon bonded to the hydrogens being com- 
pared, so the oxygen-containing compound has the signal at the highest frequency. 


<— 


CH40 — CHCH, 


b. The oxygen donates electrons by resonance, so the oxygen-containing compound has the signal at the 
lowest frequency. 


"ERA + ES 


Therefore, the non-oxygen-containing compound has the signal at the highest frequency. 


CH,CH=CH, 


78. generation of the electrophile 


Po ла SS SS ж е 


ae. 


reaction of benzene with the electrophile 


qo М „=——=®' DH o =—— 


79. а. 


СН» C. C. C. 
H,CrO, OH SOCI, Cl 2CH,NH, МНСН» 
E ^ А 
CH, CH3Br CH5MgBr OH 
b. Br, Mg 1. CO, 
hv БЬО 2. HCl О 
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80. The original compound was 1,3-dibromobenzene. 1,4-Dibromobenzene would form only one product, and 
1,2-dibromobenzene would form only two. 


B 
Br Br r Br 
МО» 
HNO; 
E E 
H5S0, 
Br Br ОМ Вг Вг 
1,3-dibromobenzene NO; 
Br Br 
HNO; NO» 
H5S04 
Br Br 
1,4-dibromobenzene 
Br Br Br 
Br Br Br 
HNO; s 
HSO, 
2904 МО» 
1,2-dibromobenzene 
МО» 
81. The greater the electron-withdrawing ability of the para substituent, the greater Ше Кы for hydrate 
formation. 
| | | | 
С > С > С > С 
Sch, CH; CY “ен, “ен, 
ОМ Cl СНО 
| 
82. а. Zn(Hg) 
HCI, A 
NH;NH; 
НО, 
1. HSCH,CH,CH,SH/HCI 
2. H5», Raney Ni g 
Н, 
Pd/C 
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Reactions of Benzene and Substituted Benzenes 


b. Zn(Hg) 
HCI, A 


NHNH, 
НО А 

1. HSCH,CH,CH,SH/HCI 

2. Hy, Raney Ni i 


The reason is that there are four ways to carry out the reaction in part a, but only three ways to carry it out 
in part b is because only a carbonyl group adjacent to a benzene ring can be reduced to a methylene group 
by H5, Pd/C. 


a. HCI adds to the alkene, forming a secondary carbocation that undergoes a 1,2-hydride shift to form a 
tertiary carbocation. The tertiary carbocation is an electrophile that can either add to the double bond 
in a second molecule of the reactant (in an intermolecular reaction) or add to the benzene ring in the 
same molecule of the reactant (in an intramolecular reaction). 


The intramolecular reaction is favored because it forms a stable five-membered ring. After the electro- 
phile adds to the benzene ring, a base (B:) in the reaction mixture removes a proton and the aromaticity 
of the benzene ring is restored. 


ger [\ + 
нсі + 


an intramolecular reaction 


“+ R — Cx. 
H 
вх) 
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b. As in part a, an electrophile is formed that can react in either an intermolecular reaction or an intra- 


molecular reaction. Seeing that the product of the reaction has two benzene rings and that there are 
twice as many carbons in the product as in the reactant indicates that two reactant molecules react in an 
intermolecular reaction. In this case, the intermolecular reaction is favored, because the intramolecular 
reaction would lead to a highly strained three-membered ring. The electrophile that is formed in the 
intermolecular reaction can add to the benzene ring in an intramolecular reaction to form a stable five- 
membered ring. 


are ehy (^ CH—CH, CH,—CH 
н-а LS 
— > 


~ intermolecular reaction 


CH; т 
P ee р 
an intramolecular + 
reaction 
Br B(OR), 
84. a. " мы 
НО“ 
О 
| 
О 
6. 1. AICI; | 
b. + С 
2. H50 
85. 
| 
AEN ja 
CH;CH;CH; CI 
1. AICI, Pd/C Вг» 
2. ЊО Нн» һу 
О 
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tert-BuO | 


тен-ВиО NBS 
£ peroxide 
A 
Br 


86. 


87. 


Reactions of Benzene and Substituted Benzenes 


j | | 
С С CH2CH3 COOH СНСН» 
А МО» C D E 
B 
OCH; CH=CH, | 
CHCH; CHCH; CH—CH; CH;CHBr 
+ CHOH 
Е G H I 
СН›СН›С=ЕМ 


] 


The carbocation formed by putting an electrophile at the ortho or para positions can be stabilized by reso- 
nance electron donation from the phenyl substituent. 


5-@ 66 


The carbocation formed by putting an electrophile at the meta position cannot be stabilized by resonance 
electron donation from the phenyl substituent. 


5 
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88. a. The chloro substituent primarily withdraws electrons inductively. (It only minimally donates electrons 
by resonance.) The closer it is to the COOH group, the more it can withdraw electrons from the OH 
bond and the stronger the acid. Therefore, the ortho isomer is the strongest acid and the para isomer is 
the weakest acid. 


b. The nitro substituent withdraws electrons inductively. It also withdraws electrons by resonance if it is 
ortho or para to the COOH group. Therefore, the ortho and para isomers are the strongest acids, and 
the ortho isomer is a stronger acid than the para isomer because of the greater inductive electron with- 
drawal from the closer position. 


c. The amino substituent primarily donates electrons by resonance, but it can donate electrons by reso- 
nance to the COOH group only if it is ortho or para to it. Therefore, the meta isomer is the strongest 
acid. Seeing that the ortho isomer is the weakest acid tells us that resonance electron donation to the 
COOH group is more efficient from the ortho position. 


89. The signal at 7.1-7.3 ppm that integrates to 5 protons indicates a monosubstituted benzene ring. The dou- 


blet at 1.3 ppm that integrates to 6 protons and the septet at 2.9 ppm that integrates to 1 proton indicate an 
isopropyl group. Therefore, compound A is isopropylbenzene. 


Br Br ОСН; 
90. 1. Br; HNO; СНО | 
FeBr3 H5S0, А 
ON ON 


ә 
БЕ 
816 
о < 

Z 

© 

55] 
= 

+ 

= 

С 

> 

m 

N 
AAE: 
ЗЕ ОС 
Е 

ч 2 


CH30H | НСІ, A 


OCH3 OCH3 
HNO; 
H5S0, CY 


© 
le 
= 
Es 
= 
6 
© 
N 
| | 


HN 
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91. a. The hydroxy-substituted carbocation intermediate is more stable, because the positive charge can be 
stabilized by resonance electron donation from the OH group. 


H МО; H NO, H NO; 


b. The carbanion with the negative charge meta to the nitro group is more stable, because a negative 
charge in this position can be delocalized onto the nitro group but a negative charge ortho to the nitro 
group position cannot. 


27 о. 030 СЛ 
НО Cl HO Cl HO Cl 
92. Synthesizing benzaldehyde from benzene would be easy if formyl chloride could be used, but this com- 


pound is unstable and must be generated in situ via a Gatterman-Koch reaction. The synthesis of benzalde- 
hyde shown here is done via a Friedel-Crafts alkylation reaction. 


| 
CH4CCH; 
(DA 
О 

HO 
EOS H enor, US excess 
72. NBS/peroxide ONUS L 
excess 


3. i 
4. NaOCI/CH,COOH/0 °С 
1. SO;CI | 2. CH;CH,OH 


SN мы, 
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СН» СН» CH3 
CHCl _ Br, в, 
АСБ -— FeBr, PdL; 
HO- 
Br CH3C—=CH) 
or 
CH; 
cinduen, CH3CI 
АКВ теп-ВаО АС; 
CH3CHCH3 ERE CH3C = СН, СНзС==СН› 
b 
Br OCH; 
Br Br 
_ HNO; _ Br; А 
сү ETE FeBr; CH3O 
МО» МО» 
| 
1. (CH3), CHCC1 Zn(Hg) 
AICI, Hci, a OF Ha PUE 
> SS 
2. ЊО CH(CH;) or 
| с“ (CH3), HNNH; 
| | НОТ, А CH;CH(CH3); 
|| 
1.CH,CCI + AICI, | 2. НО 
| | 
С SO3H С 
3 
СН»СН(СН»)» CH5CH(CH3); 
| 
1. CH4CCI 
AICI, Br; 
— 49 — o 
2. ЊО CHN, FeBr, СНз. 
| | Pr 
О О 
Pd/C 
C(CH4)4 
(CH4JCCI E 
M ui abun 
AICI, 
CH4CH; Br CH4CH; Br 


Reactions of Benzene and Substituted Benzenes 


94. The unsplit signal at ~7.1 ppm suggests that all the benzene ring hydrogens in the product are chemically 
equivalent. The triplet at 1.2 ppm and quartet at 2.6 ppm indicate an ethyl group. 


CH3CH5CI 
CH3CH5 EU ^ CH3CH5 СЊСН 


95. a. The first three compounds will not show a carbonyl stretch at 1700 cm ', and the bottom four will 
show this absorption band. The first three can be distinguished from one another by the presence or 
absence of the indicated absorption bands. 


| ‚ СНОН | „СЊОН | „СЊОСНз 


band at 3300 ст! band at 3300 ст! no band at 3300 cm! 
no band at 1600 cm ! band at 1600 стг! band at 1600 ст! 


The last four compounds all have an absorption band at 1700 cm '. 
They can be distinguished by the presence or absence of the indicated absorption bands. 


j i | j 
C C C С 
СТ ОН СТ Ун СТ осн, СТ “OCH; 


large broad band at no band at no band at no band at 
~ 2500-3500 стг! —2500-3500cm ! ~2500–3500 ст“! ~ 2500–3500 стг! 
band at 1250 ст! no band at 1250 ст! band at 1250 cm! no band at 1250 ст! 


no band at 2700 ст! band at 2700 ст! no band at 2700 cm! no band at 2700 ст! 


b. This is the only compound without the characteristic benzene ring hydrogens at ~7—8 ppm. 


on 


Only two compounds will have two signals other than the signals for the benzene ring hydrogens. They can 
be distinguished by integration (2:3 versus 2:1), or by the two sharp singlets for the ether versus the some- 
what broader singlet for the hydrogen bonded to oxygen. 


Each of the following four compounds has only one signal (a singlet) in addition to the benzene ring hy- 
drogens. The four can be distinguished by the position of the singlet. 
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О О О О 
|| | | || 


e C С С 
O “сн; СТ OCH; СУ “н СУ “он 


~2 ppm ~4 ppm ~9–10 ppm ~10–12 ppm 


A fluoro substituent is more electronegative than a chloro substituent. Therefore, nucleophilic attack on 
the carbon bearing the fluoro substituent will be easier than nucleophilic attack on the carbon bearing the 
chloro substituent. In addition, the smaller fluoro substituent provides less steric hindrance to attack by the 
nucleophile. 


A fluoro substituent is a stronger base than a chloro substituent, so elimination of the halogen in the second 
step of the reaction will be harder for a fluoro-substituted benzene than for a chloro-substituted benzene. 


The fact that the fluoro-substituted compound is more reactive tells you that attack of the nucleophile on 


the aromatic ring is the rate-determining step of the reaction. 


а. The alkyl diazonium ion is very unstable. Loss of № and a 1,2-hydride shift forms а tert-butyl carbo- 
cation, which can undergo either substitution or elimination. 


CH;,C—CH, + H,0* 


d m 


NaNO, и) + + 
oo ae а 2 сан 
СН» СН» СН; b OH 


| 
Cs + H,0* 


СН» 


b. The cation formed from the diazonium ion will undergo a pinacol-like rearrangement. 


+ oe 
OH NH, OH N=N :OH 
| | one Га S 
СНз С—С СНз — —. СНз С—С СНз СНз = С—С СНз + № 
| НСІ | | КД 
CH; СН; СН; СН; СН; СН; 
O CH. +ОН СН; 


| | || 
Ht + саа. 
CH; CH; 
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Br Br ОСН; 
Bry HNO, сњо“ = 
FeBr; Н,804 А 22 


МО» МО» 
Н›, Pd/C 
Y 
OCH; OCH; OCH; OCH; 
МО» Pa NO; 
| US HNO; CuBr NaNO» DD 
2 H5SO, HCI, 0 °C 2 
Вг Вг "TN NH, 
|| 
М 
Н», Pd/C 
у 
OCH3 OCH3 ОСН; 
Na+ + zn 
НА кз МН» М М CH30 OCH3 
| NaNO, CH30H 
2 НСІ, 0 °С HCI, A 
Br Br Br 
l. Li 
2. Cul 
О 
3. ИХ 
4. HCl 
у 
OCH3 ОСН; ОСН; 
CH;0 OCH; CH;0 OCH; CH;0 OCH; 
1. М PBr3 
2. Но, Pd/C 
СН»СН»\АН» СН»СН»Вг СЊСЊОН 


For the last reaction, see Problem 16. 
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99. The configuration of the asymmetric center in the reactant will be retained only if the asymmetric center 
undergoes two successive Sy2 reactions. In the first step of the reaction, the NH, group is converted to a 
good leaving group. The first 542 reaction involves the carboxylate ion that is closest to the carbon at- 
tached to the leaving group. The product of the reaction is a strained three-membered ring that reacts with 
the other carboxylate ion in a second 572 reaction, forming a more stable five-membered ring. 


[e О 
|| || 

Cre О сб 

= NaNO; Буг 
1 | олако | | i mes + № 
-осењењ © VH HC — -оссњсњ- Син 
NH; (NEN 
+ 


100. A chloro group is a better leaving group than the ammonium group, so the product is formed without 
hydroxide ion catalysis. 


" 
$ 
СІ Cl NHR} NHR> 
NO; 7 МО» МО» 
R NH = aS 
МО» МО» NO, + CL 


A methoxy group is a poorer leaving group than the ammonium group, so the ammonium group is elimi- 
nated, reforming starting materials. If hydroxide ion is added to the solution, hydroxide ion converts the 


ammonium group into an amino group. Since the amino group is a poorer leaving group than the methoxy 
group, the methoxy group will be eliminated. 


| 


CHO. NHR; БУ NR; МЕ 
№: МО» МО» 
SR" : X 


МО» + НО МО» + CH3O^ 
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101. а 
C 
220 B 
CH, S 
ÓH :0.7 О 
H 
= -— + HB 
NO, NO, NO, 
S NO; 
b. 2 Н.С 
МО» 
МО» 
Оз... AF 
ned МО» 
o | 
МО» 
СН» о. „07 
102. сн; О 
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CH5CH53NH5 
ji 
СНзСС! 
| 
СЊСЊМНССНз 
^^ | Cu)0 
с NN 
NN „> Оз» 
ог 
ОН H30*, А 
1. HCl, H,0, A 
2. НО" 
Y 
CH;5CH;NH5 
ІІ 
Z 
OH 
СН»СН»\МН» 
HNO; 
H5S0, 
OH 
CH5CH5NH5 
1. PCl 
2.N, 
OH 3. Но, Pd/C 
OH 


| 
CH;CH9NHCCH; 
HNO; 
H5S0, 
| 
CH;CH5NHCCH; 
HCI 
NaNO, 
0°C 
+N 
|| 
М 
+ 
CH5CH5NH5 
1. H5, Pd/C 
2. HOT 
NO, 
OH 
CH,CH,OH 
Си2О 
Си(МОз)», 
ОН H20 
or 
OH H30*, А 


О 


| 
CH,CH,NHCCH, 


МО» 
Н), Pd/C 
" О 


[ 
CH)CH,NHCCH, 


NH; 


a 
ES 


CH;CHjNH, 


HCI 
0°С NaNO, 


y 
| 
СН›СН›М=М 


ІГ 
> N 
NS 
OH N 


Reactions of Benzene and Substituted Benzenes 
СН»СН»С1 СН»СН»МН» 


1. № 
2. Hy, Pd/C 


CH>CH,Cl CH CH NH» 
1. phthalimide anion 
2. HCl, H,O, A 
3. НО" 
CH;CI CH,C=N СН,СН›МН, 
с=м н; 
———— 
Raney Ni 
j = 
CH CH,OH CH;CI CH,C=N CH;CH3NH, 
1. МаВН4 SOCI, "CEN H5 
ши — ве 
2.H40* Raney Ni 
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O 
104. BE CuLi || 
Br; 1.14 
FeBr; 2. Cul cu ^u 
2 
О 
L2 x 
ЗНА 1. CH;CH,MgBr 
2. HCl 
CH,CH,OH 
oH 
| та CH4CHCH;CH; 
CH,CH,Br 
NaOCl] o 
сн,соон | °C 
Y 
_ Mg | Et,O 
О О 
CH,CH сав СН | CH,CH,MgB | 
2 i 2-73 CH,CCH,CH, 202 MgDr VN 
CH5 + CH; CH,CH, 
HCl 
[з 
EGE СИН; 
CH; 
CH; CH; COOH COOH 
105 a. CH;Cl HNO; н›СгО, H, 
AIC]; 6804 А РИС 
NO; NO; NH, 
on | NaNO 
0°С | нет 7 
оо 
СООН || | СООН СООН 
СН3СОССН» Cu;O 
Cu(NO3); N 
О, CH; OH HO М. 
“с” ко cl 
C ЊО A 


| 
О 
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О 
| 
b. CHCH;  L(CH3;CHCCI, CH, CH5CH; 
CH;CHjBr AICI, | 
AICI, 2. H,O „СЕ. 

CH; C 

| 

О 


NBS, А | peroxide 


i! 
|“ CH, CHBr 
CH CHC=N | 
[^ "сем ZCS 
CHS = || 
cure | 
O 
HCI | H,0, A 
CH, 
| CH, 
CH, CHCOOH | 
| LI or НУРа/С CH; CHCOOH 
ae or | 
сн; НММ, P 
| HOS, A CH; CH; 
O 
n | 
а HNO, н, CH3CCI РУДО 
#8504 КО; рас МН; 2 BB CH, 
HNO; | H2SO4 
| | || 
С С С 
+ А NaNO;, НСІ ZN H5 PAS 
N= ВЕ Сна HN / | СНз xc ON / \ NH CH; 
Cu(NO3); 
Cu,0 = 
r 
H34O*, A a 
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СЊВг CH,C=N 
106. а. у E CN 
ЕИ 
О 


1. LDA 
2. СНзВг 


b. The substituent in ibuprofen is placed оп the ring by а Friedel-Crafts acylation reaction. A Friedel- 
Crafts reaction cannot be done in the synthesis of ketoprofen, because the benzene rings are deacti- 
vated and deactivated rings cannot undergo Friedel-Crafts reactions. 


107. NO, NH, 
0 HNO; endo. 
H250; кү 1 | 


CH,CI| AICI, 
+ Н 
NH, N, СН: В: СН» 
HCl | H5CrO, || 
НО њо НО 
* b ` O A CH; О 
O 
adjust pH to 6 | 
NH; 
“О 
T 
O 
1. о, 2. (CHyCH;),NHCH,CH,OH не (СН;СН,)МН + Ж 
+ 
NH, NH, 
HO- 
ENS: n Раче On, — Nw NxN a 
O O 
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Notice that the Friedel-Crafts reaction can be done on a ring with a sulfonic acid group, because its deac- 


108. 
tivation is offset by the activating amide group. The sulfonic acid group is put on the ring to block the para 
position and thereby force the methyl groups to go to the ortho positions. 
| H 
NO, NH, N 
HNO; н ^ асњса хе Са 
HSO, Pd/C l 
H5SO, 
CH, 
H H 
N 
КЕ ға 
excess СНЗСІ 
CH, 9 = О 
НОз5 3 А, HO,S 
(CH,CH;),NH 
' 
СН» CH; н 
“с Nn >g р 
| у a Lo >` 
HO,S CH,O CH; 
О 
СН. СН» С Б 
109. g CH,CI CY HSO, CY H5CrO, OH 
AICl; A 
SO3H SO3H 
excess 
SOC], 
O 
О 
4 | 
С 
a 2 NH, o Cl 
Re 5—С1 
+ © | 
О 
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Practice Test 


Name each of the following: 


COOH 


CH; 
| Bs ds Ке сњењ Ф a 
МО» B OH 


Rank the following compounds in order from most reactive to least reactive toward reaction with 
Вг,/ЕеВгз: 


О 
|| 


H 
N CH CH;CH C 
Be iuc 7З gei — NECH; 
| 
О 


For each of the following pairs of compounds, circle the one that is the stronger acid: 


COOH COOH *NH; *NH; 
or 
СІ ОСН; 
OH COOH COOH 
b. 
or 
NO> СН; 


a. Which is more reactive in a nucleophilic substitution reaction, para-bromonitrobenzene or 
para-bromoethylbenzene? 


b. Which is more reactive in an electrophilic substitution reaction, para-bromonitrobenzene or 
para-bromoethylbenzene? 


What acid anhydride would you use in the synthesis of propylbenzene? 


Draw the mechanism for the formation of the nitronium ion from nitric acid and sulfuric acid. 


Reactions of Benzene and Substituted Benzenes 


Draw the major product(s) of each of the following reactions: 


МО» 
а. 
+ Њ504 —— 
ОСН; 
Ь. АЈСЉ 
+ сна = 
CHCH; 
£s H5CrO, 
^ 
Cl 
d. 
Q + Go «=» 
МО» 
Cl 
е. 
$ + mo P., 
OCH; 


С 
f. ™ FeCl 
СТ “Hs + Ch ——— 


Indicate whether each of the following statements is true or false: 


a. Benzoic acid is more reactive than benzene toward electrophilic 


aromatic substitution. T F 
b. para-Chlorobenzoic acid is more acidic than para-methoxybenzoic acid. T F 
с. А CH=CH, group is a meta director. T F 
d. para-Nitroaniline is more basic than para-chloroaniline. T F 


Draw the resonance contributors for the carbocation intermediate that is formed when benzene reacts with 
an electrophile (Ү*). 
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Reactions of Benzene and Substituted Benzenes 


Answers to Practice Test 


a. meta-nitrotoluene 
3-nitrotoluene 


b. 1,2,4-tribromobenzene 


N. сн 
Br 3 
“с 
| 
О 
4 1 
СООН ОН 
а. Q b 
а МО» 
a. para-bromonitrobenzene 
NO; 
| A 
SO3H 
ОСНз ОСН; 


СН; 


орь 


О 
ii 

© Мы % 
CHCH; О ‘о 


c. ortho-ethylbenzoic acid 


2-ethylbenzoic acid 


d. para-chlorophenol 


4-chlorophenol 


i 
CH;CH; C 
^NHCH; 
2 5 
*NH; COOH 
с d. 
CH; 
b. para-bromoethylbenzene 
COOH ч 
с. е. 
МО» 
ОСН» 
ОСН» О 
| 
д. Е. ССН» 


Benzoic acid is more reactive than benzene toward electrophilic aromatic substitution. 
para-Chlorobenzoic acid is more acidic than para-methoxybenzoic acid. 

A CH=CH, group is a meta director. 

. para-Nitroaniline is more basic than para-chloroaniline. 


п-т 


Reactions of Benzene and Substituted Benzenes 


H 
— yl 


8. HO — МО; + Ес —— НО — МО; 


н н 
9. 
Ү Y 
ее. 


HO + *NO; 


t H 
(5 
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Important Terms 


furan a five-membered ring aromatic compound containing an oxygen heteroatom. 
heteroatom an atom other than a carbon or a hydrogen. 

heterocyclic compound a cyclic compound in which one or more of the ring atoms are heteroatoms. 
(heterocycle) 

imidazole a five-membered ring aromatic compound containing two nitrogen heteroatoms. 
ligation sharing of nonbonded electrons with a metal. 

porphyrin ring system a compound that consists of four pyrrole rings joined by one-carbon bridges. 
purine a pyrimidine ring fused to an imidazole ring. 

pyrimidine a benzene ring with nitrogens at the 1- and 3-positions. 

pyrrole a five-membered ring aromatic compound containing a nitrogen heteroatom. 
thiophene a five-membered ring aromatic compound containing a sulfur heteroatom. 
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Solutions to Problems 


1. a. 2,2-dimethylazacyclopropane or d. 3-methylazacyclobutane or 
2,2-dimethylaziridine 3-methylazetidine 
b. 4-ethylazacyclohexane e. 2,3-dimethyloxacyclopentane or 
4-ethylpiperidine 2,3-dimethyltetrahydrofuran 
c. 2-methylthiacyclopropane or f. 2-ethyloxacyclobutane or 
2-methylthiirane 2-ethyloxetane 
2. The oxygen in morpholine withdraws electrons inductively, which make protonated morpholine the stron- 
ger acid. 
О о 
б | mE + Н @ == e + Ht 
N N N 
АКА N y x H 
H H H H 
pK, = 9.28 morpholine pK, = 11.12 piperidine 
3. а 
О 


LN 


b. We would predict that the conjugate acid of 3-quinuclidinone has a lower pK, than the conjugate acid 
of morpholine because the sp? oxygen of 3-quinucldinone is more electronegative than the sp? oxygen 
of morpholine. 3-quinuclidinone is closer to the nitrogen. 


О 
i LU 

ae : 
/ P 


H H H 
conjugate acid conjugate acid 
of 3-quinuclidinone of morpholine 

pK, = 7.46 pK, = 9.28 


c. The conjugate acid of 3-chloroquinuclidine has a lower pK, than the conjugate acid of 3-bromoquinuclidine 
because chlorine is more electronegative than bromine, so it is better at withdrawing electrons inductively. 


Cl Br 
ГАТ ГАТ 
/ / 
H H 
conjugate acid of conjugate acid of 
3-chloroquinuclidine 3-bromoquinuclidine 


683 


10. 


684 


More About Amines * Reactions of Heterocyclic Compounds 


Solved in the text. 


a. ОЕТ с. У 


СН» 


ү „сњснњ 
A G «О 
А 
H5CH 
" М CH, CH;CH; 


+N + 
H H H 
С р.0 
E 
D—OD, J up / \ 
A Е => 
М М р М р 
H H 


2-deuteriopyrrole 
Pyrrole and its conjugate base are both aromatic. Cyclopentadiene does not become aromatic until it loses 


a proton. It is the drive for the nonaromatic compound to become a stable aromatic compound that causes 
cyclopentadiene to be a stronger acid than pyrrole. 


Гу Qor 


М М 
Н d. 
aromatic aromatic 
( \ — ( \ + Ht 
nonaromatic aromatic 


Solved in the text. 


Pyridine will act as an amine with the alkyl bromide, forming a quaternary ammonium salt. 


277 Г 
| + сњен, СВ: | 
NS us 
N + Br 
Снн; 
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11. The first reaction is a two-step nucleophilic aromatic substitution reaction (SyAr). 
pe сїгу мн, NH 
SS ~, CM S _ 
| + NH — || — | +С] 
2 Z 2 
М 


The second reaction is a one-step nucleophilic substitution reaction (52). 


< < : BEN 

12. a. | + HO: = | Е — | Be a win 
Cz - .. B но О 
м К | NU Or 


the hydride ion 
is a better leaving 
group than O% 


(CA n С — (5 

HO^ = — + H + HO 
2: "а ? 

BE 9 № “б (^ б: 


2-pyridone 
b. 4-Pyridone is also formed because nucleophilic addition of hydroxide ion can take place at the 4-position 
as well as at the 2-position. It proceeds by the same mechanism as the one shown in part a for the forma- 


tion of 2-pyridone. 


4-pyridone 


13. It is easiest to remove a proton from the methyl group of the N-alkylated pyridine because the electrons left 
behind when the proton is removed can be delocalized onto the positively charged nitrogen. (A positively 
charged nitrogen more readily accepts the delocalized electrons than does a neutral nitrogen.) 


It is easier to remove a proton from 4-methylpyridine than from 3-methylpyridine because in the former, 
the electrons left behind when the proton is removed can be delocalized onto the electronegative nitrogen. 


In contrast, in 3-methylpyridine the electrons can be delocalized onto only carbons. 


CH3 CH3 
З SX us CH3 
| > > | 
P DA 2 
+N I N N 
| 


CHCH; 
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There are three possible sites for electrophilic substitution: C-2, C-4, and C-5. To determine the major 
product, compare the relative stabilities of the carbocations formed in the first step of the reaction. 


Substitution at C-2 


= С га 
а N мен: => “ре — “үк 


Substitution at C-2 forms an intermediate with three resonance contributors; all the atoms in one contribu- 
tor have complete octets and a positive charge on N; one contributor has a carbon with an incomplete octet, 
and one has a nitrogen with an incomplete octet. 


Substitution at C-4 


Br Br 


A м Br Cs —FeBr, le 1A 


INA. ДАСЫН; ы умен: «= М „СЫ; 


Substitution at C-4 forms an intermediate with two resonance contributors; all the atoms in one con- 
tributor have complete octets and a positive charge on N; one contributor has a carbon with an incom- 
plete octet. 


Substitution at C-5 


Br Br Br 
FÁ ба 5 г m 


МА NCH МО ;NCH; о :N. GNCH; -— :N. „NCH 
& NOH iG NGHE os sa 


+ 


Substitution at С-5 forms an intermediate with three resonance contributors; all the atoms in one соп- 
tributor have complete octets and a positive charge on N; two contributors have a carbon with an incom- 
plete octet. 


Substitution at C-4 forms the least stable intermediate because it has only two of the three resonance con- 
tributors that the others have. Substitution at C-5 forms the most stable intermediate because a positively 
charged carbon with an incomplete octet is more stable than a positively charged nitrogen with an incom- 
plete octet. 


Therefore, the major product of the reaction is 5-bromo-N-methylimidazole. 
Br 
Nx „МСН; 


5-bromo-N-methylimidazole 


More About Amines * Reactions of Heterocyclic Compounds 


15. Pyrrole and imidazole are both more reactive than benzene, because each reacts with an electrophile to form a 
carbocation intermediate that can be stabilized by resonance electron donation into the ring by a nitrogen atom. 


Pyrrole is more reactive than imidazole, because the second nitrogen atom of imidazole cannot donate 
electrons into the ring by resonance but can withdraw electrons from the ring inductively. 


jc 
O > Qe Q 


pyrrole imidazole benzene 


16. Imidazole forms intermolecular hydrogen bonds, whereas N-methylimidazole cannot form hydrogen bonds 
because it does not have a hydrogen bonded to a nitrogen. 


Because the hydrogen bonds have to be broken in order for the compound to boil, imidazole has a higher 
boiling point. 


17. The second nitrogen in imidazole, onto which the electrons left behind when the proton is removed can be 
delocalized, causes imidazole to be a stronger acid than pyrrole because nitrogen is more electronegative 


than carbon. 
зп 
2 


Bai LH ВН 
imidazole pyrrole 
pK, = 14.4 pK,=17 

| - | "m [Н+] 
18. fraction of imidazole in the acidic form = ————— 
K, + [НТ] 


pH = 7.4; [H*] = 40 x 1078 
pK, = 6.8; K, = 158 X 107 


о. | К 4.0 x 10 
fraction of imidazole in the acidic form = -3 Zg 
1.58 X 10 ' + 4.0 x 10 
_ 40x 107 
1.98 х 1077 


— 0.20 


percent of imidazole in the acidic form = 20% 
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19. OH NH, 
NZ М NZ 
us N us 
H,N~ ON N но NN 
enol form of guanine enol form of cytosine 
20. The second nitrogen in protonated pyrimidine (that withdraws electrons inductively) causes it to be a stron- 


ger acid than protonated pyridine. 


C é 
ke a SS + 
N N 
H H 
protonated pyrimidine protonated pyridine 
pk, = 1.0 pKa = 5.2 


21. а. 2-methylazacyclobutane ог 2-methylazetidine 

b. 2,3-dimethylazacyclohexane or 2,3-dimethylpiperidine 

c. 3-chloropyrrole 

d. 2-ethyl-5-methylazacyclohexane or 2-ethyl-5-methylpiperidine 
22. a. f. 


E 
NH;CH;CH;CH, Br 


" 
МН(СН›СН›СН}) Bro 


n 
МСЊСЊСН Br 


ge 


Q 
v 
7 QOC 


с. CH4CH;CH;CH;CH;NH5 N N=N 
H 
aon [Y 
| 8 CH; 
ћ. 27 | 
un 
e 27 | N СЊСЊСЊСНза 


/ 


СООН 


Z 
= 
Nn 
—= 
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= ОБО ВБ O 


А В С р Е Е 


a 


A is the most acidic, because it becomes aromatic when it loses a proton. 
B, C, and D are the next most acidic, because in all three, the proton is bonded to a positively charged nitrogen. 


В and С are more acidic than D, because in B and C the proton to be lost is bonded to an sp? nitrogen, 
which is more electronegative than the sp? nitrogen in D. 


B is more acidic than C, because the uncharged nitrogen in C can donate electrons by resonance to the 
positively charged nitrogen. 


Neutral compounds E, F, and G are the least acidic. E and F are more acidic than G, because E and F lose 
a proton from an sp? nitrogen, whereas a proton is lost from a less electronegative sp? nitrogen in G. 


E is more acidic than F, because the negative charge on E's conjugate base can be delocalized onto the 
second nitrogen. 


24. The compound on the right (the compound shown below) is easier to decarboxylate, because the electrons 
left behind when CO, is removed can be delocalized onto nitrogen, forming a stable neutral species as a re- 
sult of proton donation to nitrogen. The electrons left behind when the other compound loses CO; cannot be 


delocalized. 
Uu Tu 
| —— || + CO, 

T CH 

N CH N 2 

V ° H 
we < 
H—O О 
25. The М-, O-, and S-substituted benzenes have the same relative reactivity toward electrophilic aromatic sub- 


stitution as the N-, O-, and S-containing five-membered heterocyclic rings, and for the same reason. 


NHCH, OCH, SCH; 


The N-substituted benzene is more reactive than the O-substituted benzene, because nitrogen is more ef- 
fective than oxygen at donating electrons to the benzene ring because it is less electronegative than oxygen. 
(Electrophilic substitution is aided by electron donation to the ring because it stabilizes the carbocation 
formed in the rate-limiting step.) 


The S-substituted benzene is the least reactive because the lone-pair electrons of sulfur are in its 3p orbital, 
whereas the lone-pair electrons of nitrogen and oxygen are in its 2p orbital. Electron delocalization by 
overlap of the 3p orbital of sulfur with the 2p orbital of carbon is less effective than electron delocalization 
by overlap of the 2p orbital of nitrogen with the 2p orbital of carbon. 
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26. By comparing the carbocation intermediates formed in the rate-determining step when the amino-substituted 
compound undergoes electrophilic substitution at C-3 and C-4, you can see that the carbocation formed in 
the case of substitution at C-3 is more stable; one of its resonance contributors is relatively stable because it 
is the only one that does not have an atom with an incomplete octet. As a result, the amino-substituted com- 
pound undergoes electrophilic substitution predominantly at C-3. Therefore, the keto-substituted compound 
is the one that undergoes electrophilic substitution predominantly at C-4. 

substitution at ПА 


У У У 
+ + 
^] —[] —f. 
N NHR N NHR N NHR 
+ 
| + Yt 


N NHR a 
substitution at C-3 + 
Y У Y 
Г 277 | 
us + + Z Z 
N NHR N NHR 


N NHR 


= 


< 


ZA Y 


NS 
N^ “нв 
+ 


relatively stable 


27. a. The Lewis acid, AlCl}, complexes with nitrogen, causing the aziridine ring to open when it is attacked 
by the nucleophilic benzene ring. The ring will open in the direction that puts the partial positive 
charge on the more substituted carbon because it is more stable than the transition state that would 
have the positive charge on the less substituted carbon. 


Therefore, the major and minor products are those shown. 
CH3 CH3 


| 
CHCH,NHCH; CH;CHNHCH; 


major minor 


b. Yes, epoxides can undergo similar reactions. 


690 


28. 


29. 


30. 
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Oxygen is the negative end of the dipole in both compounds. Tetrahydrofuran has the greater dipole mo- 
ment because in furan the effect of the electron-withdrawing oxygen is mitigated by the ability of oxygen 
to donate electrons by resonance into the ring. 


(> | 


Q Q 
tetrahydrofuran furan 
1.73 D 0.70 D 


The products of the reaction show that the hydrogen is removed from the -carbon that is bonded to the 
most hydrogens. Therefore, we can conclude that the transition state has a carbanion-like one. 


СН» CH3 
| 
a. TN +  CH,—CHCH; C CH=CH, +  NCH;CHCH; 
OH OH CH3 
OH d. СЊ== uc DAE. 
| 
b. CH3N +  CH;—CHCH; OH 


The carbon of the methyl group is the 
p-carbon that is bonded to the most 
hydrogens. 


Pyrrolidine is a saturated nonaromatic compound, whereas pyrrole and pyridine are unsaturated aromatic 
compounds. The C-2 hydrogens of pyrrolidine are at 6 2.82 ppm, about where one would expect the signal 
for hydrogens bonded to an sp? carbon adjacent to an electron-withdrawing amino group. 


The C-2 hydrogens of pyrrole and pyridine are expected to be at a higher frequency because of diamagnetic 
anisotropy. Because the nitrogen of pyrrole donates electrons into the ring and the nitrogen of pyridine with- 
draws electrons from the ring, the C-2 hydrogens of pyrrole are in an environment with a greater electron 
density, so they should show a signal at a lower frequency relative to the C-2 hydrogens of pyridine. Thus, the 
C-2 hydrogens of pyrrole are at 6 6.42 ppm, and the C-2 hydrogens of pyridine are at 6 8.50 ppm. 


A UV spectrum results from the 7 electron system. The lone-pair electrons on the nitrogen in aniline are 


delocalized into the benzene ring and, thus, are part of the т system. Protonation of aniline removes two 
electrons from the т system. This has a significant effect on its UV spectrum. 


» " 
NH2 МН; 


ЕЕ + Cl 
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The lone-pair electrons on the nitrogen atom in pyridine are sp? electrons and thus are not part of the 7 
system. Protonation of pyridine, therefore, does not remove any electrons from the т system and has only 


a minor effect on the UV spectrum. 
277 | 
SS + 
N 
H 


C) 
~ | 
N 


33. When ammonia loses a proton, the electrons left behind remain on nitrogen. 
МН. + В— “ÑH, + нв“ 


When pyrrole loses a proton, the electrons left behind can be delocalized onto the four ring carbons. Elec- 
tron delocalization stabilizes the anion and makes it easier to form. Stabilizing the base increases the acid- 
ity of its conjugate acid. 


O-O-O-—O.-.O-O 


+в + нв? 


34. The electrophile adds preferentially to the 2-position. 


N N CHOH CH,OH 
| cute | 


њс=0: 
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35. Before we can answer the questions, we must figure out the mechanism of the reaction. Once the mecha- 
nism is known, it will be relatively easy to determine how a change in a reactant will affect the product. 
The mechanism is shown below. 


Propenal, an a,G6-unsaturated aldehyde, undergoes a conjugate addition reaction with aniline. This is fol- 
lowed by an intramolecular electrophilic aromatic substitution reaction. Dehydration of the alcohol results 
in 1,2-dihydroquinoline, which is oxidized to quinoline by nitrobenzene. 


AS "db" H^ Ww Б 
OH ву OH 
H 
ошо. = dehydration 
T gih 
xX 
%Н5МО» М М Shi 
H H H 
+ НО 
| 
. НзСН 
а. СЊСНЊ ZUR CH3CH5 Su. 
H CH 
|| р 
МН» СН; М 
|| СН» 
С 
b сну “сн US 
| 
2 
NH; ш М СЊСНз 
CH5CH3 
c. i 
C 
и х 
Н ССН» СН» 
| | 
T ен ——* 
| 12 
СН»СН» NH) CH,CH3 CH3CH? N CHCH; 
meta-ethylaniline 2-methyl-2-pentenal 2,7-diethyl-3-methylquinoline 
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36. a. The electrophile adds to the 3-position. 


н: SS 

ji 

(A. ДА 8 

CH; б CH; CH; ^N CH; CH; б CH; 
«Он :В 


о 
ба 
H 
а 
re 
e 
= 


OH CH3 Oz) СНз CH3 О СНз 
О О О 
CH CH CH 
enda "C Spo ses 2a Spes 
э И -p *O O 
= H—B (PH 
To 


CHLÒ B CH30 CB 
O+ 3 О r 3 О r 
2] ee 
H 
aS | 
НИ _ ad FX) 
Су — Су, A I... 
CH;0~ “о” “осн, сно“ “о соси сњо“ “0 
H 
BA 
|| | 
P ~ 
3 
О oN “у 


You can see why the nitro substituent goes to this position by examining the relative stabilities of the pos- 
sible carbocation intermediates. 
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O O О О 
|| | || || 
Се P PR EN 
| \ CH; = + \ СН» == CH; == СН; 
——- Y — у + -——— Y + 
О O O O 
The carbocation has three resonance contributors. 
O 
| | | 
У С Y. C 
| \ CH; T \ СН; CH; 
+ = St 
О O 
The carbocation has two resonance contributors. 
| | | | 
5 ae з m 
| \ CH, g | * CH; = СН» == CH; 
| у ч > + у —— + ү 
О О О O 


relatively 

unstable The carbocation has three resonance contributors, but the first 
one is relatively unstable because the positive charge is on 
the carbon attached to the electron-withdrawing substituent. 


Br 
OS = D 
S МО» 5 МО 


You can understand why the bromo substituent goes to this position by examining the relative stabili- 
ties of the possible carbocation intermediates. 


y+ + == = 
a TT © ee © л 
5 МО» Y S NO5 X: S NO5 Y S NO5 
relatively 
unstable 
x: Y 
yt 
О. > XV № 
- NO» š NO» Eh NO» 
Y Y 
yt 
Du 4 == & 
S NO5 S NO5 S NO5 
relatively 
unstable 
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D rib ius 
CH3N CH3N ЄН > 
Dro Ta | 

ZA +2 A 
N i N 
N | 

CH; 


The other nitrogen is not alkylated, because its lone pair is delocalized into the pyridine ring, so it is 
not available to react with the alkyl halide. 


d. SS Ss PC; SS 
| — | m 
N O N OH N Cl 
H 


РС substitutes a Cl for an OH, as it does in alcohols and carboxylic acids. 


e. In the first step, hydroxide ion removes the most acidic hydrogen from the compound. A hydrogen 


bonded to the C-4 methyl group is the most acidic hydrogen, because the electrons left behind when 
the proton is removed can be delocalized onto the positively charged nitrogen of the pyridine ring. 


СН» CH, СЊСЊО СЊСЊОН 
| E HO | x HC =0 | E HCI | | 
ZZ 7 P 7 
N+ N+ N+ N+ 
| | | | 
СН» СН; СН; СН; 


f. / \ + CH3;CH,7MgBr —— | \ + CHCH; + Мр2+ $ BE 
< Aa == 
Н 


More About Amines * Reactions of Heterocyclic Compounds 


38. The increase in the electron density of the ring as a result of resonance electron donation by oxygen causes 
pyridine-N-oxide to be more reactive toward electrophilic aromatic substitution than pyridine because the 
extra electron-density will stabilize the carbocation intermediate. 


1—-C.-43-0-Q 
< d Ja N ЕРЕ SS + 


N 


ш? n à 4 


=== 
iO 


Substituents that are able to donate electrons by resonance into the ring are ortho/para directors. Therefore, 
pyridine-N-oxide will undergo electrophilic aromatic substitution at the 2- and 4-positions. Because 
the 2-positions are somewhat sterically hindered, pyridine-N-oxide undergoes electrophilic substitution 
primarily at the 4-position. 


39. О О 
< | 
| n C 4 ^o^ “сн | > | ib 
3 3 — ———— 
+7 +2 ДР м. Г “в 
М CH; СН; М CH), >H 
Е | CH; | “ 
О: LLA SN ye 3 
T A ен С o сн 
_ | 3 
Со: | О + v 
О 
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40. The electrophile adds preferentially to the 2-position. 


nlp 


:В 
о СН a 
|| a HOH CH; 
А НС М — wee 
i \ = С N 
N CH; Hl N 
H H 


pyrrole para-(N,N-dimethylamino)- 
benzaldehyde | 


H ~. 
> OH :OH 
US | HUC ae 7 | / \ 
oe С М ee 
Н l \ d | \ 


| T 


/ \ СН» 
+/ 
u C N + Њо 
H | `сн 
H 3 
Repeat the 
previous series О CH; 
of reactions | а 
adding to the HC N 
5-position of “сн, 


the pyrrole ring. 


colored compound 
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CH3 nis 
(y NHN =C — С;Н; 
ee a - Ра. | | 
С 
\ \ CH» 
NH NH ( "v | 


МН КН—С—СеН5 


CoH 
с“ 675 CoHs C6H5 
/N2 
NH; "UN LL. e 
NH5 e A 5s b 
U i 
B: H 
C.H СеН5 
M" а 
МН —— S NH 
e 
О 
42 | 
. а. МНМН, + CH3CCH>CH3 


О 
|| 


b. =“ + CH;CH,CH,CH 
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HC= oom 


a 
к Р Cx. OBE — та. 
cans E oL. 
| 


Эш 


М 
н 


| 
СН; 


Ñ 
| Repeat two more times. 
и ~ „М, ы = | р 


сд, TA Er 


1. Repeat with benzaldehyde. 


2. Instead of using another molecule of pyrrole, 
do an intramolecular reaction with the pyrrole 
at the end of the chain. 
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Practice Test 


Give two names for each of the following compounds: 


HC CH;CH; 
a. UY. b. c. В 
М 
М CH 
H 


|| 
а. @ + 2CHjCHjNH, 
сн; “а 
О 
р. асе 
N 
H 
2“ FeBr3 
5 | + Be wc 
ENS 
N 
ІГ 
а. | + СН 
ENS 
N 
e. ГА \ + Ch 
О 


Which of the following is a stronger acid? 


a. O с. м7 | 
ГЕТ <. 
N N N 


Br 
“Су 


TZ 
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Indicate whether each of the following statements is true or false: 


а. 4-Chloropyridine is more reactive toward nucleophilic aromatic substitution 
than is 3-chloropyrrole. 


b. Pyrrole is more reactive toward electrophilic aromatic substitution than 
is furan. 


с. Pyrrole is more reactive toward electrophilic aromatic substitution 
than is benzene. 


d. Pyridine is more reactive toward electrophilic aromatic substitution 
than is benzene. 


Show how the following compound could be prepared from the given starting material: 


S 
OH 
Answers to Practice Test 
a. 2,4-dimethyl pyrrolidine c. 3-ethyltetrahydrofuran 
2,4-dimethylazacyclopentane 3-ethyloxacyclopentane 
b. N-methylpiperidine d. 3-bromopiperidine 
N-methylazacyclohexane 3-bromoazacyclohexane 
| 
аа С} + CH;CH,NH; СГ а. 22 
СН;  "NHCH;CH, | 
у + 
| 
СН» 
b ( x у + њо Za 
О С1 
с Z | Br 
SN 


a о b. 2 c. м7 а 
|) АЈ "0 
N ^R N 
JN H H H 
H H 
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4. a. 4-Chloropyridine is more reactive toward nucleophilic aromatic substitution than is 3-chloropyrrole. 
b. Ругтоје is more reactive toward electrophilic aromatic substitution than is furan. 
с. Ругтоје is more reactive toward electrophilic aromatic substitution than is benzene. 
d. Pyridine is more reactive toward electrophilic aromatic substitution than is benzene. 


Mads 
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Important Terms 


aldaric acid 


alditol 

aldonic acid 
aldose 

amino sugar 
anomeric carbon 


anomeric effect 


anomers 


bioorganic compound 
carbohydrate 


complex carbohydrate 


deoxy sugar 
disaccharide 
enediol rearrangement 


epimerization 


epimers 
furanose 
furanoside 
glycoprotein 


glycoside 


an aldose whose aldehyde and primary alcohol groups have been oxidized to 
carboxylic acids. 


an aldose or a ketose whose carbonyl group has been reduced to an alcohol. 

an aldose whose aldehyde group has been oxidized to a carboxylic acid. 

a polyhydroxy aldehyde. 

a sugar in which one of the OH groups is replaced by an МН, group. 

the carbon in a cyclic sugar that is the carbonyl carbon in the straight-chain form. 


preference for the axial position by certain substituents bonded to the anomeric 
carbon. 


two cyclic sugars that differ in configuration only at the carbon that is the carbonyl 
carbon in the straight-chain form. 


an organic compound that is found in a biological system. 
a sugar, a saccharide. Naturally occurring carbohydrates have the D-configuration. 


a carbohydrate that contains two or more sugar molecules linked together; it can 
be hydrolyzed to simple sugars. 


a sugar in which one of the OH groups has been replaced by a hydrogen. 
a compound containing two sugar molecules linked together. 
a base-catalyzed reaction that interconverts monosaccharides. 


changing the configuration of a carbon by removing a proton and then 
reprotonating it. 


monosaccharides that differ in configuration at only one carbon. 
a five-membered ring sugar. 

a five-membered ring glycoside. 

a protein that is covalently bonded to an oligosaccharide. 


the acetal of a sugar. 


From Chapter 21 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright O 2014 by 
Pearson Education, Inc. АП rights reserved. 
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N-glycoside 


glycosidic bond 


a-1,4'-glycosidic linkage 


a-1,6'-glycosidic linkage 


B-1,4’-glycosidic linkage 


Haworth projection 


heptose 
hexose 
ketose 


Kiliani-Fischer synthesis 


molecular recognition 
monosaccharide 
mutarotation 


nonreducing sugar 


oligosaccharide 
oxocarbenium ion 
pentose 
polysaccharide 
pyranose 


pyranoside 
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a glycoside with a nitrogen instead of an oxygen at the glycosidic linkage. 


the bond between the anomeric carbon of one sugar and an alcohol residue of a 
second sugar in a glycoside. 


a glycosidic linkage between the C-1 of one sugar and the C-4 of a second sugar 
with the oxygen atom at C-1 in the axial position. 


a glycosidic linkage between the C-1 of one sugar and the C-6 of a second sugar 
with the oxygen atom at C-1 in the axial position. 


a glycosidic linkage between the C-1 of one sugar and the C-4 of a second sugar 
with the oxygen atom at C-1 in the equatorial position. 


a way to show the structure of a sugar in which the five- and six-membered rings 
are represented as being flat. 


a monosaccharide with seven carbons. 
a monosaccharide with six carbons. 
a polyhydroxy ketone. 


a method used to increase the number of carbons in an aldose by one, resulting in 
the formation of a pair of C-2 epimers. 


the recognition of one molecule by another as a result of specific interactions. 
a single sugar molecule. 
a slow change in optical rotation to an equilibrium value. 


a sugar that cannot be oxidized by reagents such as Аг" and Си’. Nonreducing 
sugars are not in equilibrium with the open-chain aldose or ketose. 


three to ten sugar molecules linked by glycosidic bonds. 

an ion in which the positive charge is shared by a carbon and an oxygen. 
a monosaccharide with five carbons. 

a compound containing 10 or more sugar molecules linked together. 

a six-membered ring sugar. 


a six-membered ring glycoside. 


reducing sugar 


simple carbohydrate 
tetrose 
triose 


Wohl degradation 
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a sugar that can be oxidized by reagents such as Аг and Си’. Reducing sugars 


are in equilibrium with the open-chain aldose or ketose forms. 
a single sugar molecule. 

a monosaccharide with four carbons. 

a monosaccharide with three carbons. 


a method used to shorten an aldose by one carbon. 
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Solutions to Problems 


1. 
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D-Ribose is an aldopentose. 
D-Sedoheptulose is a ketoheptose. 
р-Маппоѕе is an aldohexose. 


Notice that an L-sugar is the mirror image of a D-sugar. 


H O 

74 CHOH 

HO —[|—H C—O 
H—1—0H Н —— OH 

HO ——H HO—1—H 

HO = Н HO—1—H 
CH;OH CH20H 
L-glucose L-fructose 


First determine whether the structure represents R-glyceraldehyde or S-glyceraldehyde. Then, since 
R-glyceraldehyde = p-glyceraldehyde and S-glyceraldehyde = L-glyceraldehyde, we can answer the question. 


H О 
\ 7 
C H CHOH 
носн,— он Ho—— cron нон 
H Ü C 
£C FC 
не № H^ “о 


L-glyceraldehyde L-glyceraldehyde D-glyceraldehyde 


a. enantiomers because they are mirror images 
b. diastereomers because the configuration of one asymmetric center is the same in both and the configu- 
ration of the other asymmetric center is the opposite in both 


а. D-ribose b. r-talose с. L-allose d. L-ribose 


a. D-glucose = (2R,3S,4R,5R)-2,3,4,5,6-pentahydroxyhexanal 


Because D-mannose is the C-2 epimer of D-glucose, the systematic name of D-mannose can be obtained 
just by changing the configuration of the C-2 carbon in the systematic name of p-glucose. 


D-mannose = (2S,3S,4R,5R)-2,3,4,5,6-pentahydroxyhexanal 


c. D-Galactose is the C-4 epimer of D-glucose. Therefore, each of its carbon atoms, except C-4, has the 
same configuration as it has in D-glucose. 


D-galactose = (2R,3S,4S,5R)-2,3,4,5,6-pentahydroxyhexanal 


d. 1-а сове is the mirror image of D-glucose, so each carbon in L-glucose has the opposite configuration 
to that in D-glucose. 


L-glucose = (25,3R,4S,5S)-2,3,4,5,6-pentahydroxyhexanal 


The Organic Chemistry of Carbohydrates 


D-psicose 
a. А ketoheptose has four asymmetric centers (24 = 16 stereoisomers). 


b. Ап aldoheptose has five asymmetric centers (2? = 32 stereoisomers). 


A ketotriose does not have an asymmetric center; therefore, it has no stereoisomers. 


с. 
A 
CH;OH СНОН СНОН HO--H СЊОН 
p | ~H—OH 
C=O т“ —~ q i 
нон НО: об HO: н (c OFC 
н——он №0 H—— OH H—— OH H—+— 0H 
Н = OH H —1— OH Н— OH H—— OH 
СНОН СНОН СНОН СНОН 
D-fructose an enolate ion an enediol , 
HO o 
CHOH 
о=С 
H OH 
H OH 
CH;OH 
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10. Removal of an a-hydrogen creates an enol that can enolize back to the ketone (using the OH at C-2) or can 
enolize to an aldehyde (using the OH at C-1). The aldehyde has a new asymmetric center (indicated by an *); 
one of the epimers is D-glucose, and the other is D-mannose. 


H 
(снон CHOH "m ÓH 
со үү С uo on 

HO—|—H нӧг HO—}—H H нон 

нон њо нон н——Он 
H—— 0H H—— 0H H—— 0H 
CH;OH CH;OH CH;OH 


D-fructose | | 


H O 
NA CH—O: 
HO *CHOH нб^- Н | —OH 
HO——H HO ——H 
НЫ ^^ H—— oH 
Н = OH Н— OH 
СНОН СНОН 
D-glucose 
D-mannose 
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11. D-talose and D-galactose in addition to D-tagatose and D-sorbose. 
CHOH | — OH CH50H 
C=O C— OH | —30H 
HO ——H — HO —1—H C—OH 
HO—-—H но НОН T HO—+—H 
Н— OH Н = OH Н = OH 
CH,0H CH,0H CH50H 
D-tagatose 
H30 | но“ H30 | но" 
H О H О 
\ 4 NG 
С СНОН CHOH 
HO——H H—|— OH C=O C=O 
HO——H HO——H HO——H H—1— OH 
HO——H * но——н HO——H * нон 
H—— OH H—]— OH H—— он н—— Он 
СНОН CHOH СНОН CH;OH 
D-talose D-galactose D-tagatose D-sorbose 
12. a. When p-idose is reduced, p-iditol is formed. 
H О 
хм? 
C CHOH 
HO —1—H HO ——H 
H—1— OH 1. NaBH, Н = OH 
HO——H 290" НО—|—н 
нон н——Он 
CH50H CH50H 


D-idose D-iditol 
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b. When р-зогбове is reduced, C-2 becomes an asymmetric center, so both D-iditol and the C-2 epimer of 
D-iditol (D-gulitol) are formed. 


СНОН CH,OH СНОН 

C=O HO——H H—-— OH 

H—T— OH 1. NaBH, H—T— OH + H—T— OH 

Ho—]—H 2130" но =н HO——H 

Н = OH H—T— OH H—,— OH 
СНОН СНОН СНОН 

D-sorbose D-iditol D-gulitol 

13. а. 1. p-Altrose is reduced to the same alditol that p-talose is reduced to. The easiest way to answer this 


question is to draw D-talose and its alditol. Then draw the monosaccharide with the same configu- 
ration at C-2, C-3, C-4, and C-5 as p-talose, reversing the functional groups at C-1 and C-6. (Put 
the primary alcohol group at the top and the aldehyde group at the bottom.) When this structure is 
rotated 180? in the plane of the paper, the monosaccharide can be identified. 


H О н О 
`4 NL 
C СНОН CHOH С 
HO——H HO ——H НО ——H НО ——H 
НОН  uwaH, НО——Н 1.NaBH, HO—T—H rotate 180? H--1—9H 
HO——H  2H0 HO——H 280 нон H—+— OH 
Н = OH H—— OH Н = OH H—— OH 
СЊОН СЊОН С СЊОН 
2 2 2 2 
D-talose the alditol of D-talose O H D-altrose 


2. r-Gulose is reduced to the same alditol that D-glucose is reduced to. 


H О н О 
\ Z NA 
С CH;OH CH,OH C 
H——OH H—1—0H Н — OH HO——H 
HO——H авн, HO——H | мвн, HO [Н rotate 180° НО——Н 
H——OH  2.Hj* H——OH 2 њо, Н— “он H ——0H 
H—1—OH H——OH H—,—OH HO——H 
СЊОН H OH С H OH 
2 CH,O А CH;O 
D-glucose the alditol of о H L-gulose 
D-glucose 


712 


The Organic Chemistry of Carbohydrates 


L-Galactose is reduced to the same alditol that D-galactose is reduced to. 


H O H O 
х 2 хм 
С СНОН СНОН С 
H—-— OH Н— OH Н— OH HO —— H 
Но Н 1. NaBHy НО 7 H 1.NaBH, HO—7—H rotate 180° H—- OH 
но——н  ?50 нон 280 ңо——н H—1—0H 
H—-— OH Н —— OH H —— OH HO—T1—H 
СНОН СНОН С СНОН 
2 2 JN 2 
D-galactose the alditol of D-galactose H L-galactose 


The ketohexose (D-tagatose) with the same configuration at C-3, C-4, and C-5 as D-talose will 
form the same alditol (D-talitol) that D-talose forms. The other alditol (D-galactitol) that is formed 
is the one with the opposite configuration at C-2. 


Стон СНОН CH,OH 
C=O HO ——H Н —1— OH 
HO—1—H 1. NaBHy HO —1—H " HO —1—H 
HO—}—H а HO——H HO—— H 
Н —1— OH Н = OH Н —1— OH 
CHOH CHOH CHOH 
D-tagatose D-talitol D-galactitol 


Similarly, the ketohexose (D-psicose) with the same configuration at C-3, C-4, and C-5 as D-allose 
will form the same alditol that D-allose forms. The other alditol (D-altritol) is the one with the 
opposite configuration at C-2. 


СНОН СНОН СНОН 
C=O Н —1— OH HO —1—H 
H—1—0H 1. мавн, Н— OH " H —1— OH 
H—-—oH 20 H—— OH н —.— OH 
H—T—0OH H—T—0OH H—T—0OH 
СНОН СНОН СНОН 
р-рѕісоѕе D-allitol D-altritol 
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14. 


15. 


16. 


17. 


18. 
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а. L-gulose (Note the similarity of this problem to Problem 13. а. 2.) 


H О HO О н О 
\ 4 2 2 

H——OH H——OH H OH HO——H 

HO——H HNO, HO ——H HNO, HO H rotate 180° HO—T—H 
H——OH A H——OH A H OH H —— OH 

H——OH H——OH H OH HO——H 
CH5OH H OH 

О OH (0) H 
D-glucose L-gulose 


D-glucaric acid 


b. r-Gularic acid, because it is also the oxidation product of L-gulose. 

c. D-allose and r-allose, D-altrose and p-talose, L-altrose and L-talose, D-galactose and L-galactose 

The monosaccharides are the aldoses with one additional carbon that are C-2 epimers and whose other 
asymmetric centers have the same configuration as the given aldose. 

a. D-gulose and D-idose b. r-xylose and L-lyxose 

The monosaccharides are the aldoses whose C-1 has been removed, whose C-2 carbon has been converted 
to an aldehyde, and whose other asymmetric centers have the same configuration as the given aldose. 


a. D-allose and p-altrose b. D-glucose and D-mannose c. L-allose and r-altrose 


Solved in the text. 


H О н О 
7А БА 
н О 
NA 
Н OH HO ——H C H о 
N 
HO —1—H HO =н HO Н C 
Н— OH H—1—0H Н = OH н OH 
Н— OH Н OH Н = OH н OH 
CH50H СНОН СНОН СНОН 
D-glucose D-mannose D-arabinose D-erythrose 
A B C D 
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19. The hemiacetals in а and b have one asymmetric center; therefore, each has two stereoisomers. The hemi- 
acetals in с and b have two asymmetric centers; therefore, each has four stereoisomers. 


a. Solved in the text. 


HC НС он OH 
О О 


о = 
Q 

O 

la» 
Q 

m 

@ 

[> 

О 

= 

= 

С) 

> 


CH4CH;CH; CH;CH;CH; он 
d. О О О 


OH CH,CH,CH; ОН 


20. a. CHOH 


OH OH 


D-glucose L-glucose 
the mirror image of D-glucose 


21. СЊОН 


О 


CH3CH5CH, 


OH 
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23. 


24. 


25. 


26. 


27. 


28. 
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H О 
N 4 
С н OH 
О О 

н OH 
H OH OH H 

СНОН ОН ОН ОН ОН 
D-erythrose a-D-erythrofuranose p-D-erythrofuranose 


In the chair conformation, an a-anomer has the anomeric OH group in the axial position and а В-апотег 
has the anomeric OH group in the equatorial position. Glucose has all of its OH groups in equatorial posi- 
tions. Now this question can be answered easily. 


Solved in the text. 


b. p-Idose differs in configuration from D-glucose at C-2, C-3, and C-4. Therefore, the OH groups at C-2, 
C-3, and C-4 in B-p-idose are in axial positions. 


c. D-Allose is a C-3 epimer of D-glucose. Therefore, the OH group at C-3 is in the axial position and, 
because it is the a-anomer, the OH group at C-1 (the anomeric carbon) is also in the axial position. 


HO њен НО CH.OH НО онон 
О CH,CH,OH О О 
HO OH на но ОСН›СН; * но H 
OH OH OH 
H H OCH,CH; 
p-D-galactose ethyl B-D-galactoside ethyl o-D-galactoside 


If more than a trace amount of acid is used, the amine that acts as a nucleophile when it forms the N-glycoside 
becomes protonated, and a protonated amine is not a nucleophile. 


a. Solved in the text. 
b. a-D-talose (or a-D-talopyranose) (reducing; it is a hemiacetal) 
c. methyl a-p-galactoside (or methyl o-p-galactopyranoside) (nonreducing; it is an acetal) 
d. ethyl 8-p-psicoside (or ethyl 8-p-psicofuranoside) (nonreducing; it is an acetal) 
specific rotation of glucose + specific rotation of fructose = —22.0 
+52.7 + specific rotation of fructose = —22.0 
specific rotation of fructose = —22.0 + (—52.7) 
specific rotation of fructose = —74.7 


Amylose has a-1,4'-glycosidic linkages, whereas cellulose has B-1,4'-glycosidic linkages. 


b. Amylose has a-1,4'-glycosidic linkages, whereas amylopectin has both a-1,4’-glycosidic linkages 
and a-1,6'-glycosidic linkages. 


c. Glycogen and amylopectin have the same kind of linkages, but glycogen has a higher frequency of 
a-1,6' -glycosidic linkages. 


d. Cellulose has a hydroxy group at C-2, whereas chitin has an N-acetyl amino group at that position. 


29. 


30. 


31. 
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A proton is more easily lost from the C-3 OH group because the electron that are left behind when the 
proton is removed are delocalized onto an oxygen. When a proton is removed from the C-2 OH group, the 
electrons that are left behind are delocalized onto a carbon. Because oxygen is more electronegative than 
carbon, a negatively charged oxygen is more stable than a negatively charged carbon. Recall that the more 
stable the base, the stronger its conjugate acid. 


СЊОН СЊОН 
н OH H OH 
O (Со: O О 7 
С-3 Q:2 OH О ОН 
СЊОН 
H OH 
О О 
BN 


HO 2 C2 


a. People with type O blood can receive blood only from other people with type O blood because types 
A, B, and AB blood have sugar components that type O blood does not have. 


b. People with type AB blood can give blood only to other people with type AB blood because type AB 
blood has sugar components that types A, B, and O blood do not have. 


a. COOH b. coo- с. CH;OH d. СЊО 


CH;OCH; | 


HO—— H HO—L—H нон СЊО 
HO ——H HO—+—H НО = H СНзО OCH, 
H—— он H—— OH a eH 
COOH CH,OH СНОН 
е Coo- f. OH OH 
e CHOH o CHOH g 
HOTH HO OCH;CH; "Ho 
eel ae OH OH 
OCH;CH; 
Нн— он 
СНОН 
2 нс=0 
HO H 
HO H 
H OH 
CH,OH 
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32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 
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C-2 epimer = D-mannose 
C-3 epimer = р-аПозе 


C-4 epimer = D-galactose 
C-5 epimer = L-idose 


а. D-lyxose b. p-talose с. D-psicose 
H О н О 
хм NZ 
H О C 
N 
C Kiliani-Fischer нон HO H 
HO H synthesis HO H | HO Н HNO; 
H OH H—,— OH H EE OH 
СНОН CH50H СЊОН 
D-threose sugar A sugar B 
D-xylose D-lyxose 


COOH 

— OH 
HO ——H 

Н ОН 

COOH 


optically inactive 


COOH 
HO ——H 
HO ——H 
H——OH 
COOH 


optically active 


D-ribose and L-ribose, D-arabinose and L-arabinose, D-xylose and L-xylose, D-lyxose and L-lyxose 
b. р-пбоѕе and D-arabinose, D-xylose and D-lyxose, L-ribose and L-arabinose, L-xylose and L-lyxose 


с. D-arabinose, L-arabinose, D-lyxose, and L-lyxose 


a. 2R,3S,4R,5R b. 2R,3S,45,5R c. 2R,3R,4R d. 2R,3S,4R e. 3К,45,5К 
HOCH) HOCH, осн; 
О О 
ОСН» 
НО ОН НО ОН 


methyl @-D-ribofuranose methyl B-D-ribofuranose 


о 0 OCH; 


HO OCH; HO 


HO OH HO OH 
methyl o-D-ribopyranose methyl 8 -D-ribopyranose 


a. methyl 8-p-sorboside b. ethyl 8-p-guloside c. methyl a-p-idoside 


A monosaccharide with a molecular weight of 150 must have five carbons (five C's — 60, five O's — 80, 
and 10 H's = 10 for a total of 150). АП aldopentoses are optically active. Therefore, the compound must 
be a ketopentose. The following is the only ketopentose that would not be optically active. 
CHOH 
H +- OH 
C=O 
H | ОН 
CHOH 


40. 
" Ко ы? 2 
Ho: || 
Сан Cl on Сон 
HO ——H HO H 
HH = и OH 
H—+— OH H OH 
CH,OH CH,OH 
D-glucose 
HO „ән HOE 
f p p” H- CHOH 
с—0: со 
H OH Н —— OH 
H OH "ван 
H OH Н —— OH 
СН»ОН СН»ОН 
| 
H 03 а) А HL (ör 
| НО Hs 
C— OH C—OH 
H OH H OH 
H OH ^ H OH 
H OH H OH 
CH,OH CH,OH 
" No H О 
H OH Ne 
H OH H OH 
H OH H OH 
СНОН CHOH 
D-ribose D-erythrose 
A B 
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HU ‚он UN „ОН 
BMC ip. 
—O0--H C—O: 
HO—+—H HO——H 
нон ^ нон 
H—— OH H—+— oH 
CHOH CH,OH 
Ho LH | 
CH;OH CH,OH 
(4 fü e О 
a но—Р HOF 
но“ н OH 
H—+— он H OH 
CHOH CH,OH 
н. 0 
HO С 
H—— OH 
И 
H—— OH 
H—\— OH 
CH,OH 
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42. The hexose is D-altrose. 
1. Knowing that (+)-glyceraldehyde is p-glyceraldehyde gives the configuration at C-5. 


2. Knowing that the second Wohl degradation gives p-erythrose gives the configuration at C-4. 


3. Knowing that the first Wohl degradation followed by oxidation gives an optically inactive aldaric acid 
gives the configuration at C-3. 


4. Knowing that the original hexose forms an optically active aldaric acid gives the configuration at C-2. 


PN ZO m а m x 
C C С 
о. |= = == HO——H 
== — = H—T— ОН H—,— OH 
— H—-— OH Н = OH H—,— OH 
H—-— OH Н— OH H—1— OH Н— OH 
СЊОН СЊОН СЊОН СНОН 
D-altrose 


43. CHOH, 
HO X) 
HO 
HO S 
T Нб: 
HjO* + 
44. There аге two possible structures for an optically active five-carbon alditol formed from а Wohl degrada- 
tion of a D-hexose: 
CH,OH CH,OH 
HO H HO H 
H OH *HO H 
H OH H OH 
CH,OH CH,OH 
all OH groups will be in equatorial positions only the starred OH group will be in an axial position 
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The unknown aldohexose has only one OH group in an axial position. Therefore the aldohexose that gives 
the alditol on the left needs to have the OH on C-2 pointing to the left (so it will be axial). The other aldo- 
hexose has an axial hydrogen, so needs to have the OH on C-2 pointing to the right (so it will not be axial). 


The two possible aldoses are D-mannose and D-galactose: 


H 0 H 0 
С 

HO—|—H H—— OH 
HO——H HO—|—H 
H—— OH *HO—1—H 

H—— OH Н OH 

CH,OH CH,OH 
D-mannose D-galactose 


If the two aldoses are reduced to alditols, the alditol of D-mannose will be optically active and the alditol of 


D-galactose will be optically inactive. 


CH,OH CH,OH 
HO—+—H H—+— OH 
HO—+—H HO—+—H 

H—j— OH *HO—1—H 
H—— OH H—j— oH 
CH,OH CH,OH 


alditol of D-mannose 


alditol of D-galactose 


45. The hydrogen that is bonded to the anomeric carbon will be the hydrogen that has its signal at the highest 
frequency, because it is the only hydrogen that is bonded to a carbon that is bonded to two oxygens. So the 
two anomeric hydrogen (one from the a-anomer and one from the В-апотег) are responsible for the two 
high-frequency doublets. 


46. COOH COOH 
© i 


OH OH 
HO HO 0-4 ) 
OH OH 


the B-D-glucuronide the a@-D-glucuronide 


47. 1. As Fischer did, we can narrow our search to eight aldohexoses because there аге eight pairs of enantio- 
mers. First we need to find an aldopentose that forms (+)-galactose as a product of a Kiliani-Fischer 
synthesis. That sugar is the one known as (— )-Іухоѕе. The Kiliani-Fischer synthesis on (—)-lyxose 
yields two sugars with melting points that show them to be the sugars known as (+)-galactose and 
(+)-talose. Now we know that (+)-galactose and (+)-talose are C-2 epimers. The eight aldohexoses 
are sugars | and 2, 3 and 4, 5 and 6, or 7 and 8. 
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2. When (+)-galactose and (+)-talose react with HNO;, (+)-galactose forms an optically inactive 
aldaric acid and (+)-talose forms an optically active aldaric acid. Thus, (+)-galactose and (+)-talose 
are sugars 1 and 2 or 7 and 8. Because (+ )-galactose is the one that forms the optically inactive aldaric 


acid, it is either sugar 1 or 7. 


3. To determine the structure of (+)-galactose, we can go back to (—)-lyxose, the sugar that forms sug- 
ars 7 and 8 by a Kiliani-Fischer synthesis, and oxidize it with HNO3. Finding that the aldaric acid is 
optically active allows us to conclude that (+ )-galactose is sugar 7, because the aldopentose that leads 
to sugars 1 and 2 would give an optically inactive aldaric acid. 


EM yo 
H—+— он 
HO—[—H 
HO—+—H 
нон 
CHOH 
7 


D-galactose 


хм 
HO ——H 
HO ——H 
HO ——H 
Н —1— OH 
СНОН 
8 
D-talose 


D-Arabinose. The only p-aldopentoses that are oxidized to optically active aldaric acids are D-arabinose 
and р-[ухозе. A Wohl degradation of D-arabinose forms D-erythrose, whereas a Wohl degradation of 
D-lyxose forms D-threose. Because D-erythrose forms an optically inactive aldaric acid but p-threose does 
not, we can conclude that the D-aldopentose is D-arabinose. 


CH;OH CH;OH 
О А О 
НО HO OH 
OH 
+ H3O* 


lactose 


CH,OH, 
О 


CH,OH CH,OH 
O + О 
О 
HO 4 но ОН 
HÖ: 
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COOH CH,OH COOH 
HO O HO O HO О 
„О О О Ow, 
OH NH OH 
P d 
О=<С 
Хен, 


hyaluronic acid 


She can take a sample of one of the sugars and oxidize it with nitric acid to an aldaric acid or reduce it with 
sodium borohydride to an alditol. If the product is optically active, the sugar was D-lyxose; if the product is 
not optically active, the sugar was D-xylose. 


H О н О 
хи \ 4 
С СООН C COOH 
HO H HO H H OH H OH 
HNO; HNO; 
HO А HO H HO H А HO H 
H OH H OH H OH H OH 
СНОН СООН СНОН СООН 
D-lyxose optically active D-xylose optically inactive 
H О н О 
ЊЕ N 4 
С СНОН С СНОН 
HO H HO H H OH H OH 
1. NaBH4 1. NaBH, 
HO H - HO H HO H - HO H 
2. H0* 2. H,0* 
H OH H OH H OH H OH 
CH,0H СНОН CH;OH CH;OH 
D-lyxose optically active D-xylose optically inactive 
HO О 
VY 
С СЊОН 
Н ОН HO H 
HO—+—H _ KR O« D 
H——OH OH 
H——OH 


Rf CH,OH OH 


aldonic acid of 
D-glucose 
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53. 
COOH 
HO H 
Sf ре О 
ОН 
5 ОН 
С 
и 
o^ “он 
aldaric acid of 
D-glucose 
A 
| rotate 180° 
у 
ua COOH 
H OH 
HO H R О О 
HO H OHHO 
H ÓH 
HO H 
R 
C 
У ~ 
О ОН 
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CH,OH 
HO О 
HO CH,OH 
но 4 О 
(но OH OH 
В-таКозе | ш 
CH,OH CH,OH, CH,OH 
HO Ө HO О HO 9 
HO === po - HO OH 
HO | HO _ HO 
= H,O: 
. H 
H,0:~_* 
CH,OH 
О 
+ 
HO 59 
HO 


The В-апотег will also be formed when ЊО adds to the top of the plane of the oxocarbenium ion. 


10 aldaric acids 
Each of the following pairs forms the same aldaric acid: 


р-аПоѕе and L-allose L-altrose and L-talose 
D-galactose and L-galactose D-gulose and L-glucose 
D-altrose and p-talose L-gulose and p-glucose 


Thus twelve aldohexoses form six aldaric acids. The other four aldohexoses each form a distinctive aldaric 
acid, and 6 + 4 = 10. 


We know the hexose is a ketohexose because it does not react with Вто; we know it is a 2-ketohexose be- 


cause 1f it were a 3-ketohexose it would not be able to form a hemiacetal (because the hemiacetal would 
have an unstable four-membered ring), and therefore would not undergo mutarotation. 
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Knowing that the hexose is oxidized by Tollens reagent to the aldonic acids D-talonic acid and p-galactonic 
acid tells us that the aldonic acids and the ketohexose have the same configuration at C-3, C-4, and С-5. 
Therefore, the hexose is D-tagatose. 


COOH COOH CHOH 
HO——H H—-— OH C—O 
HO—T—H НО = Н НО ——H 
HO =н НО = Н HO——H 
H—-— OH H—-— OH H—1— OH 
СНОН СНОН СНОН 
D-talonic acid D-galactonic acid D-tagatose 
57. xs E" lx. 
H dE D q 9 H DO: 
МУ cmon 
(снон || (соон 
C ctr 
C=O а С Lb 
HO—1—H HO ——H 
H OH 
H— — OH H—j— OH 
H OH 
H—— он В OH 
СНОН 
СНОН СНОН 


D-fructose with one deuterium 


| 


D--OD 
СТОН 
СООН 
px ll A 
Сб: 
HO ——H 
Н —— OH 
H OH 
Н = OH 
H OH 
CH;OH 
CHOH 


D-fructose with two deuteriums 


58. a. HO CH,OH c. OH е. носн,ОН 
О HO in О 
т O BH HO CH,OH на О = 
OH 
b. HO CH,OH d. HOCH, o OH f. OH 
О E OH 
OH HOCH; 
CH,OH OH 
HO OH OH OH on 
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59. Let A = the fraction of D-glucose in the a-form and В = the fraction of D-glucose in the B-form. 
А+В = 1 
В=1-А 


specific rotation of A = 112.2 

specific rotation of B = 18.7 

specific rotation of the equilibrium mixture = 52.7 

specific rotation of the mixture = specific rotation of A X fraction of D-glucose in the a-form + 
specific rotation of В X fraction of D-glucose in the B-form 


527 = 112.2A + (1 А) 18.7 
527 = 112.2A + 18.7 — 18.7A 


34.0 = 93.5A 
A = 0.36 
В = 0.64 


This calculation shows that 36% is in the a-form and 64% is in the B-form. 


60. Let A = the fraction of D-galactose in the a-form and В = the fraction of D-galactose in the B-form. 
A+B=1 
B=1-A 


specific rotation of A = 150.7 

specific rotation of B = 52.8 

specific rotation of the equilibrium mixture = 80.2 

specific rotation of the mixture = specific rotation of A X fraction of galactose in the a-form + 
specific rotation of В X fraction of galactose in the B-form 


80.2 = 150.7A + 52.8(1 — A) 
80.2 = 150.7A + 52.8 — 52.8A 
274 = 203.5A 

А = 0.135 


Thus, 13.5% is a-D-galactose and 76.5% is B-D-galactose. 


61. Silver oxide increases the leaving tendency of the iodide ion from methyl iodide, thereby allowing the 
nucleophilic substitution reaction to take place with the poorly nucleophilic alcohol groups. Because man- 
nose is missing the methyl substituent on the oxygen at C-6, the disaccharide must be formed using the C-6 
OH group of mannose and the anomeric carbon of galactose. 


HO сн,он 
O 
CH 
HO O^ N но 
OH HO a 
HO 


D-galactose 


D-mannose OH 
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62. D-Altrose will most likely exist as a furanose because: 
(1) the furanose is particularly stable since all the large substituents are trans to each other, and 
(2) the pyranose has two of its OH groups in the unstable axial position. 


CHOH 

CH,OH 

H oH ОН 

он НО E 

HO 
OH 
HO OH 
D-altrofuranose D-altropyranose 
63. From its molecular formula and the fact that only glucose is formed when trehalose is hydrolyzed, we 


know that it is a disaccharide. Trehalose can be a nonreducing sugar only if the anomeric carbon of one 
glucose is connected to the anomeric carbon of the other glucose. Because it can be hydrolyzed by maltase, 
its glycosidic linkage must have the same geometry as an a-1,4' -glycosidic linkage. Therefore, the OH 
group attached to the anomeric carbon of the glucose on the left must be axial, and the OH group attached 
to the anomeric carbon of the glucose on the right must be equatorial. (Notice that the glucose on the right 
is drawn upside down and is reversed horizontally.) 


CH,OH 
HO О 
OH бн 
5 OH 
CH,OH 


64. HOt H50* 
2 2 
dii», Жж. 
[TH H20: \ H 
HC — N-hemoglobin HC — NH-hemoglobin HC — NH-hemoglobin 
H—— OH нон C бин 
HO——H === | HO——H — I HO——H 
H—— OH H—— OH Н —— OH 
Н —— OH Н —— OH Н —— OH 
CHOH CHOH CHOH 
CH,NH-hemoglobin CH,NH-hemoglobin 
— - y 
C=O C—0-—H но: 
HO——H HO——H 
H30* + = 
Н —— OH Н —— OH 
Н —— OH Н —— OH 
CH;0H CH,OH 
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65. Because all the glucose units have six-membered rings, the 5-position is never methylated. 


2,3,4,6-tetra-O-methyl-p-glucose has only its 1-position in an acetal linkage. 
2,4,6-tri-O-methyl-p-glucose has its 1- and 3-positions in an acetal linkage. 
2,3,4-tri-O-methyl-p-glucose has its 1- and 6-positions in an acetal linkage. 
2,4-di-O-methyl-p-glucose has its 1-, 3-, and 6-positions in an acetal linkage. 


СЊОН These corners аге not 
7 methylene groups; 
О CHOH it is a convention used 
E when linking Haworth 
OH 3,6 "-linkage projections. 
HO 0—CH; it | 
OH CH, HO 
li 9 OH 
1,6’-linkage б 
ОН 
HO o- 
on HO O— CH, 1,6'-linkage 
1,3'-linkage OH б 
ОН 
HO 0— 
OH 


66. In the case of D-idose, the chair conformer with both the OH substituent at C-1 and ће СЊОН substituent 
in axial positions (which is necessary for the formation of the anhydro form) has the OH substituents at 
C-2, C-3, and C-4 in equatorial positions. Thus, this is a relatively stable conformer because three of the 


five large substituents are in the more stable equatorial position. 


In the case of D-glucose, the chair conformer with both the OH substituent at C-1 and the CH,OH substitu- 
ent in axial positions has the OH substituents at C-2, C-3, and C-4 in axial positions. This is a relatively 


unstable conformer because all the large substituents are in less stable axial positions. 


CH, ——O СН, ———0O 
OH 
О 07 
HO OH 
On OH OH 
anhydro form of D-idose anhydro form of D-glucose 


Therefore, a large percentage of D-idose but only a small percentage of D-glucose exists in the anhydro 


form at 100 °C. 
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Practice Test 


Draw the product(s) of each of the following reactions: 


H O 
bw A 
H—— OH 
HO——H HNO; 
H—— OH A 
Н = OH 
CHOH 
OH 
CHOH 0 
HCI 
HO OH CH30H 
OH 
H О 
`2 
С 
1. НС=М 
HO H 2. Hy/Pd/BaSO, 
HO H 3. HCl, H,O 
H OH 
CH,OH 
H O 
хм 
С 
н OH 
њо 
H OH + Br 
H OH 
СЊОН 


Indicate whether each of the following statements is true ог false: 


a. 
b. 


с. 


d. 


e. 


Glycogen contains a-1,4'- and B-1,6'-glycosidic linkages. 
р-Маппове is a С-1 epimer of D-glucose. 
D-Glucose and L-glucose are anomers. 


D-Erythrose and p-threose are diastereomers. 


Wohl degradations of D-glucose and D-gulose form the same aldopentose. 


чо = == = 


тот тшт тт 
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3. Which of the following sugars will form an optically active aldaric acid? 
H О H О н О н О 
N 7 N СЛ Nf 
HO —1—H H—1— OH H—T— OH H—T— OH 
HO Н HO ——H НГ OH Но Н 
H—,— OH H—1— OH H—7—O0H HO —1—H 
Н = OH H—1— OH H—,— OH H—T— OH 
CHOH СНОН CHOH CHOH 
4. When crystals of D-fructose are dissolved in a basic aqueous solution, two aldohexoses are obtained. 
Identify the aldohexoses. 
5. Draw three tetroses that form the same enol. 
6. D-Talose and _ __ are reduced to the same alditol. 
7. What is the main structural difference between amylose and cellulose? 
8. What aldohexoses are formed from a Kiliani-Fischer synthesis starting with D-xylose? 
9. What aldohexose is the C-3 epimer of D-glucose? 
10. Draw the most stable chair conformer of B-p-allose, a C-3 epimer of 6-D-glucose. 
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а. HO. „О с H О H О 
2 г 2 
C сё ~“ 
Н OH Н— OH HO —— Нн 
HO H HO—— H HO——H 
+ 
Н OH HO —1—H HO —1—H 
Н OH Н —1— ОН H—1— OH 
COOH CH,OH CHOH 
b. OH OH d. HO 
CHOH o СНОН o 
+ 
HO ОСН; HO 
OH OH 
OCH; 
a. Glycogen contains a-1,4' and B-1,6'-glycosidic linkages. 
b. р-Маппозе is a С-1 epimer of D-glucose. 
с. D-Glucose and L-glucose are anomers. 
d. р-Егубгозе and p-threose are diastereomers. 
e. Wohl degradations of D-glucose and p-gulose form the same aldotetrose. 
H О н О 
2 
“с2 сё 
HO —1—H H—7— OH 
НО Н HO —T1—H 
H—1— OH Н OH 
НГ OH Н OH 
CH50H CH50H 
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Answers to Practice Test 


D-mannose and D-glucose 


CH50H 


єз = ав ез om 


10. 
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H О 6. p-altrose 
СОЛ \ Z 
C CHOH 
H—— OH HO H =0 
Н— OH Н ОН Н— ОН 
CH3CH; СЊСНз CH3CH; 


Amylose has a-1,4'-glycosidic linkages, whereas cellulose has B-1,4'-glycosidic linkages. 


D-gulose and p-idose 9. p-allose 
СЊОН o 
HO OH 
OH 
HO 
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Important Terms 


amino acid 


D-amino acid 


L-amino acid 


amino acid analyzer 
anion-exchange resin 
antiparallel B-pleated sheet 
automated solid-phase 
peptide synthesis 
cation-exchange resin 


coil conformation 
(loop conformation) 


C-terminal amino acid 
denaturation 
dipeptide 

disulfide 

disulfide bridge 


Edman's reagent 


electrophoresis 
endopeptidase 


essential amino acid 
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an а-апипо carboxylic acid. Naturally occurring amino acids have the L-configuration. 


the configuration of an amino acid drawn in a Fischer projection with the carboxyl 
group on top, the hydrogen is on the left, and the amino group is on the right. 


the configuration of an amino acid drawn in a Fischer projection with the carboxyl 
group on top, the hydrogen on the right, the amino group on the left. 


an instrument that automates the ion-exchange separation of amino acids. 
a resin that binds anions. 


a type of secondary structure in which the adjacent hydrogen-bonded peptide 
chains in a B-pleated sheet run in opposite directions. 


an automated technique that synthesizes a peptide (in the C-terminal to N-terminal 
direction) while its C-terminal amino acid is attached to a solid support. 


a resin that binds cations. 


the part of a protein that is highly ordered but not in an a-helix or a B-pleated 
sheet. 


the terminal amino acid of a peptide (or protein) that has a free carboxyl group. 
the destruction of the highly organized secondary and tertiary structure of a protein. 
two amino acids linked together by an amide bond. 

a compound with an S—S bond. 

a disulfide (S—S) bond formed by two cysteine residues in a peptide or protein. 


phenyl isothiocyanate; the reagent used to determine the N-terminal amino acid of 
a polypeptide. 


a technique that separates amino acids on the basis of their pI values. 
an enzyme that hydrolyzes a peptide bond that is not at the end of a peptide chain. 


an amino acid that humans must obtain from their diet because they either cannot 
synthesize it at all or cannot synthesize it in adequate amounts. 
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exopeptidase 
fibrous protein 
globular protein 


a-helix 


hydrophobic interactions 


interchain disulfide bridge 


intrachain disulfide bridge 


ion-exchange 
chromatography 


isoelectric point (pI) 
kinetic resolution 

loop conformation 
(coil conformation) 
N-terminal amino acid 
oligomer 

oligopeptide 

paper chromatography 


parallel -pleated sheet 


partial hydrolysis 
peptidase 

peptide 

peptide bond 


B-pleated sheet 


an enzyme that hydrolyzes a peptide bond at the end of a peptide chain. 
a water-insoluble protein that has its polypeptide chains arranged in bundles. 
a water-soluble protein that tends to have a roughly spherical shape. 


the backbone of a polypeptide coiled in a right-handed spiral with hydrogen bond- 
ing occurring within the helix. 


interactions between nonpolar groups. These interactions increase stability by de- 
creasing the amount of structured water (increasing entropy). 


a disulfide bridge between two cysteine residues in different peptide chains. 
a disulfide bridge between two cysteine residues in the same peptide chain. 


a technique that uses a column packed with an insoluble resin to separate compounds 
on the basis of their charge and polarity. 


the pH at which there is no net charge on an amino acid. 


separating enantiomers based on the difference in their rate of reaction with an 
enzyme. 


see coil conformation. 


the terminal amino acid of a peptide (or protein) that has a free amino group. 
a protein with more than one peptide chain. 

three to ten amino acids linked by amide bonds. 

a technique that separates amino acids based on polarity. 


a type of secondary structure in which the adjacent hydrogen-bonded peptide 
chains in a B-pleated sheet run in the same direction. 


a technique that hydrolyzes only some of the peptide bonds in a polypeptide. 
an enzyme that catalyzes the hydrolysis of a peptide bond. 

a polymer of amino acids linked together by amide bonds. 

the amide bond that links the amino acids in a peptide or protein. 


a type of secondary structure in which the backbone of a polypeptide extends in a 
zigzag structure with hydrogen bonding between neighboring chains. 
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polypeptide 
primary structure 


protein 


quaternary structure 


random coil 

secondary structure 

side chain 

structural protein 

subunit 

tertiary structure 
thin-layer chromatography 
tripeptide 


zwitterion 
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many amino acids linked by amide bonds. 
the sequence of amino acids and the location of the disulfide bridges in a protein. 


a naturally occurring polymer of 40 to 4000 amino acids linked together by amide 
bonds. 


a description of the way in which the individual polypeptide chains of an oligo- 
meric protein are arranged with respect to one other. 


the conformation of a totally denatured protein. 

a description of the conformation of the backbone of a protein. 

the substituent attached to the a-carbon of an amino acid. 

a protein that gives strength to a biological structure. 

an individual chain of an oligomeric protein. 

a description of the three-dimensional arrangement of all the atoms in a protein. 
a technique that separates compounds on the basis of their polarity. 

three amino acids linked by amide bonds. 


a compound with a negative charge and a positive charge on nonadjacent atoms. 
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Solutions to Problems 


1. a. When the imidazole ring is protonated, the double-bonded nitrogen is the one that accepts the proton. 
The lone-pair electrons on the single-bonded nitrogen are delocalized and therefore are not available to 
be protonated. 


= а” 


oe Ny 


In contrast, the lone-pair electrons on the double-bonded nitrogen are not delocalized, because the con- 
straints of the ring will not allow two adjacent double bonds. 


1 = 
ХА NH 


Furthermore, if the lone pair on the single-bonded nitrogen were protonated, the compound would lose 
its aromaticity. 


[^ = и 


МАН н; T + а 
YY Ne 
H 
aromatic not aromatic 


In contrast, when the double-bonded nitrogen is protonated, the protonated compound is still aromatic. 


на 


+ _ 
ДАЧА — НА мн + Cl 
aromatic aromatic 


b. The lone-pair electrons on the double-bonded nitrogen are protonated, because the lone-pair electrons 
on the other nitrogens are delocalized and therefore cannot be protonated. In addition, protonation of 
the double-bonded nitrogen leads to a highly resonance-stabilized conjugate acid. 


се | D 
C — а | С 
gu с tA NS 
HN NH— Н, NH „М NH 
2 а. D-alanine is (R)-alanine b. D-asparate is (R)-aspartate 
“О О ` O 
2 у 
+ И + / 
нн; н |н, 
CH; СНСОО 
D-alanine D-aspartate 
(R)-alanine (R)-aspartate 


c. The a-carbons of all the D-amino acids except cysteine have the R-configuration. Similarly, the 
a-carbons of all the L-amino acids except cysteine have the S-configuration. 


In all the amino acids except cysteine, the amino group has the highest priority and the carboxyl 
group has the second-highest priority. In cysteine, the thiomethyl group has a higher priority than the 


739 


The Organic Chemistry of Amino Acids, Peptides, and Proteins 


carboxylate group, because sulfur has a greater atomic number than oxygen, causing the counterclock- 
wise arrow to be a clockwise arrow. 


D-cystein 
(S)-cysteine 


3. Solved in the text. 


4. Isoleucine is the only other amino acid that has more than one asymmetric center. Like threonine, it has 
two asymmetric centers. 


O 
Ц 
* x ZN 
CHCH, — T. од 
CH; "МН 
isoleucine 
5. Alanine will exist predominately as a zwitterion in an aqueous solution with pH > 2.34 and pH < 9.69. 
6. The electron-withdrawing *NH3 substituent on the a-carbon increases the acidity of the carboxyl group. 
*NH; 
| || || || 
С 
. ёё М, | _ Z N SN 
p? a. Solved in the text. с. НМ СН»СН»СН О e. HN NHCH;CH;CH;CH О 
*NH; +№Н; 
О О 
| | | 
C 
И sem + Z Na Z Na 
b. CHCH O d. LI О f. HO со О 
= | 
S *NH; *NH; *NH; 
Мы „АН 
О О 
r Ц || Ц || 
а. с. 
“м / N ON ZN 
HO oo OH -0 d од 
*NH; "NH; 
О 
" | || , Ц || 
С | 
SN / и SN 
HO аваа Хо" -0 `снусн.сн о“ 
"МН. NH, 
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a. The carboxyl group of the aspartic acid side chain is a stronger acid than the carboxyl group of the 
glutamic acid side chain because the carboxyl group of the aspartic acid side chain is closer to the 
electron-withdrawing protonated amino group. 


b. The protonated lysine side chain is a stronger acid than the protonated arginine side chain. The proton- 
ated arginine side chain has less of a tendency to lose a proton because its positive charge is delocal- 
ized over three nitrogens. 


In order for the amino acid to have no net charge, the two amino groups must have a +1 charge between 
them in order to cancel out the — 1 charge of the carboxylate group. Because they are positively charged in 
their acidic forms and neutral in their basic forms, the sum of their charges will be +1 at the midpoint of 
their pK, values. 


2.02 + 8.84 _ 10.86 


a. asparagine pl — 2 2 = 5.43 
9.04 + 12.48 _ 21.52 
b. arginine pl = = = 10.76 
2 2 
2.21 + 9.15 11.36 
р i I= = = 5.68 
с. serine р 2 2 
2.09 + 3.86 5.95 
d. aspartate pl = 2 = 2 = 2.98 


aspartate (pI = 2.98) 
arginine (pI = 10.76) 


с. Aspartate because its pI is lower than that of glutamate. Therefore, pH 6.20 is farther away from the 
pH at which it has no net charge. The farther an amino acid with no net charge has to “move” to get to 
the given pH value, the more charged it will become. 


d. Methionine because at pH — 6.20 methionine is farther away from the pH at which it has no net 
charge (pI of methine = 5.75, pI of glycine = 5.97). 


Tyrosine and cysteine each have two groups that are neutral in their acidic forms and negatively charged in 
their basic forms. Unlike other amino acids that have similarly ionizing groups, the pK, value of one of the 
two similarly ionizing groups in tyrosine and in cysteine is close to the pK, value of the group that ionizes 
differently. Therefore, the group that ionizes differently cannot be ignored in calculating the pl. 


О 
| 
CH cH” ^g the R group of the aldehyde is the same 
3 | as Ше К group of the amino acid 
CH; 


Leucine and isoleucine both have СН side chains and, therefore, have the same polarity. Consequently, 
the spots for both amino acids appear at the same place on the chromatographic plate. Therefore, the chro- 
matographic plate has one less spot than the number of amino acids. 


Because the amino acid analyzer contains a cation-exchange resin (it binds cations), the less positively 
charged the amino acid, the less tightly it is bound to the column. Using buffer solutions of increasingly 
higher pH to elute the column causes the amino acids bound to the column to become increasingly less 
positively charged, so they can be released from the column. 
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17. Cation-exchange chromatography releases amino acids in order of their pI values. The amino acid with the 
lowest pI is released first because at a given pH it will be the amino acid with the highest concentration 
of negative charge, and negatively charged molecules are not bound by the negatively charged resin. The 
relatively nonpolar resin will release polar amino acids before nonpolar amino acids. 


a. Asp (pI = 2.98) is more negative at pH = 4 than is Ser (pI = 5.68). 
b. Gly is more polar than Ala. 
с. Ser is more polar than Leu. 
d. Tyr is more polar than Phe. 
18. A column containing an anion-exchange resin releases amino acids in reverse order of their pI values (the 


opposite of what happens in a cation-exchange resin). The amino acid with the highest pI is released first, 
because at a given pH it will be the amino acid with the highest concentration of positive charge. 


His > Val > Ser > Asp 


19. The first equivalent of ammonia will react with the acidic proton of the carboxylic acid to form ammonium 
ion, which is not nucleophilic and therefore cannot substitute for Br. Thus, a second equivalent of ammonia 
is needed for the desired nucleophilic substitution reaction. 


20. a. The following reactions show that pyruvic acid forms alanine, oxaloacetic acid forms aspartate, and 
a-ketoglutarate forms glutamate. 


O O 
enzyme 
о Ы о 
О "NH; 
pyruvic acid alanine 
О О 
70 enzyme О 
o mE о 
о о о "NH, 
oxaloacetic acid aspartate 
О О О О 
enzyme 
“о о о o 
O "NH; 
a-ketoglutaric acid glutamate 


If reductive amination is carried out in the cell, only the L-isomer of each amino acid will be formed. 


b. Imine formation is best carried at a pH about 1.5 units lower than the pK, of the protonated ammonium 
ion, that is, at about pH = 8. Therefore, the carboxyl groups will be in their basic forms. If reductive 
amination is carried out in the laboratory, both the р- and L-isomer (a racemic mixture) of each amino 
acid will be formed. 
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O O 
1. „БАН wae trace acid —" 
o 2H, рас 7 : о 
О "МН; 
ругиуїс аса alanine alanine 
O O 
^O _ 1. ANH trace acide, trace acid 70 _ 
О Q.HyPdC H О 
О О о *NH; 
oxaloacetic acid aspartate aspartate 
O O O O 
І. МН;, trace acid 
о o 2. Hy, Pd/C О о | 
О *NH, "мн, 
a-ketoglutaric acid glutamate glutamate 
21. Notice that the R group attached to the Br is the same as the R group attached to the a-carbon of the amino 
acid. 
R—Br corresponds to К— poe 
*NH; 
a. leucine b. methionine 


22. As in Problem 21, the К group attached to the Br is the same as the К group attached to the a-carbon of the 
desired amino acid. 


а. 4-bromo-1-butanamine b. benzyl bromide 


23. Notice that the R group attached to the carbonyl group of the aldehyde is the same as the R group attached 
to the a-carbon of the amino acid. 


О 
|| 


R—CH corresponds to К—СНСОО“ 


+МН; 
a. alanine b. isoleucine c. leucine 


24. Convert the amino acids into esters using SOCI, followed by ethanol. Then treat the esters with pig 
liver esterase. Because the enzyme hydrolyzes only esters of L-amino acids, the products will be the 
L-amino acid, ethanol, and the ester of the D-amino acid. These compounds can be readily separated. After 
they are separated, the D-amino acid can be obtained by acid-catalyzed hydrolysis of the ester of the D- 
amino acid. This separation technique is called a kinetic resolution, because the enantiomers are separated 
(resolved) as a result of reacting at different rates in the enzyme-catalyzed reaction. 
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Ом NH, 
ie Y 
| CHOH н | сн; 
25. HN С CH N С Сн о 
< # CP a NLK N АЛ о ж. 2“ 
мл 
| 
CH н О CH, н О 
| 
СОО 


the peptide bonds are indicated by arrows 


26. A-G-M A-M-G M-G-A М-А-С С-А-М G-M-A 


12 ii 
Cu oH H 
RE dE S а P 
27. |“ " = “єн | 


the less stable configuration has Ше R groups 
on the same side of the double bond 


28. The bonds on either side of the a-carbon can freely rotate. In other words, the bond between the a-carbon 
and the carbonyl carbon and the bond between the a-carbon and the nitrogen (the bonds indicated by ar- 
rows) can freely rotate. The bond between the C and N (the peptide bond) cannot rotate because it has 
partial double-bond character. 


LCLCL | 
СИС 
М С СН М C 
О (Peg UNT au Pg 
| | | | 
H O R 
29. 
5 О 
О Wes OCH; 
N 
O єн, Pas 
30. a. glutamate, cysteine, and glycine 


b. In forming the amide bond between glutamate and cysteine, the amino group of cysteine reacts with 
the y-carboxyl group of glutamate rather than with its a-carboxyl group. 


Y-carboxyl -—g-carboxyl a-carboxyl —y-carboxyl 
" group | group ( к C group 
hae AS al 
H 


du 7 


amide bond 


glutamate glutathione 
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31. Leu-Val and Val-Val will be formed because the amino group of leucine is protected, so leucine cannot 
react with a carboxyl group (that is, leucine cannot be the C-terminal amino acid). The amino group of 
valine can react equally easily with the carboxyl group of leucine and the carboxyl group of valine. 


| | Io 
С С С C C 
Ze / = ee ae Би ~ И А 
(CH4),CO “мисн ^o + Mis о — Б ee О 
(Ra CH(CH;)5 Сн, CH(CH4), 
CH(CH;), valine CH(CH;), 
N-protected leucine Leu- Val 
О О 
|| || || || 
ви М NA А + М A P 
H4NCH О + H4NCH О ——- Н,МСН NHCH О" 
СН(СН;), CH(CH3); CH(CH3), CH(CH3), 
valine valine Val-Val 
32. If valine’s carboxy] group is activated with thionyl chloride, the OH group of serine, as well as the NH, 


group of serine, would react readily with the very reactive acyl chloride, forming both an ester (with its OH 
group) and an amide (with its МН, group). 


| | | | 
С С SOCls C C 
y. еа Р Z N 
(СНА СО “мисн О (СНА СО ^NHCH Cl 
CH(CH3)> CH(CH3); 
О 
| 
~ 
EE О 
СЊОН 
у 
| | | | | | 
С С С + C C C 
и N ZN LN Z ZN Z N 
(СН); СО Шла Н О (CH3)3CO ^NHCH NHCH (од 
СН(СН»)» МН» CH(CH3). СНОН 
ester amide 


If valine’s carboxyl group is activated with DCC, an imidate will be formed. Because an imidate is less 
reactive than an acyl chloride, the imidate will react with the more reactive NH, group in preference to the 
less reactive OH group. 
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Io d MEM 
ZN я ZN ZN | 
(CH4),CO мнен p P&E, (сну»со NHCH о—С 
CH(CH3); CH(CH3), NH 
N-protected valine e" 
an imidate 
[9] 
| 
м, 
МН нен om 
| 
s с CH,OH 
NH О 
|| || || 
м и t ИХ 
+ (СН): СО NHCH aa О" 
CH(CH3), CHOH 
О О 
? |] | |] 
| ZNN Я X ZN FUN 
(CH4),CO О OC(CH3)3 + FONCH О —- (CH3)3CO ШЕ О 
(Ha (Ha 
CH(CH3); CH(CH3); 
Leu N-protected Leu 
| 
І. DCC С 
2 ңдєн^ Хо" 
CH, 
Phe 
' 
О 
Л 
"4 / и 
(CH3)3CO * У м d ^o 
CH; CH, 
о | 
1. DCC l CH(CH;), 


746 


The Organic Chemistry of Amino Acids, Peptides, and Proteins 


о=0 
о=о 
о=о 
о=о 


ZN FN # ~ й \ 
(CH;);CO `МНСН” `мнсн  NHCH 07 рс 


| | | 2. H, NCH “от 
CH, CH, CH; el Val 
| CH(CH;), 
CH(CH3) 


(e 
| 
C 
CN ZN g ZO # 


(СН. ) СО МНСН МНСН МНСН МНСН О 


CH, CH, CH, CH(CH4); 
CH(CH3); 


CF4CO;H | СН›СЬ 


Y 
О О 
| | 


С C 
toZ N / ~ i ÁN 
eH + СО» + кын инн NHCH NHCH/ `O 

CH, ү CH, CH, CH(CH3); 
CH(CH4), 


о 
i 


Leu Phe Ala Val 
34. Notice that the number of steps is one less than the number of amino acids in the peptide. 


a. 5.8% 


2 3 + 5 6 7 8 9 
70% 49% 34% 24% 17% 12% 8.2% 5.8% 


b. 4.4% 


2 3 4 5 6 7 8 9 10 11 12 13 14 15 
80% 64% 51% 41% 33% 26% 21% 17% 13% 11% 8.6% 6.9% 5.5% 4.496 
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| | | || || 
35. E C C C С 
“Хх $ Z Na РА Z Na 
(CH4),CO ^o "OC(CH;), Н Nga (СНУ), СО “мисн No сс > 9 
СН(СНа) СН(СН;)› 
О О 
-- 
/ / 
(СН); СО “мнен vn ө 
СН(СН;), 
CF3;COOH 
CHCl 
| 
СН; 
| FN 
к, + CO, + aN OCH, 
CH, CH(CH3); 
О 
|| || ] || 
JUN JS Ве: IN А 
(CH44CO Н о" (СНз)зСО кнн O—DCC 
CH, CH, 
О 
О О 
y S Z/N ZN 
(CH4),CO m NHCH OCH, (9 
CH, CH(CH;), 
CF4COOH 
CHCl 
o E 
| Via rs, 
св + СО» + HER ia OCH, 
CH; CH; СН(СН.), 
| | | | 
С C DCC C 
(CH,),CO” “мисн Хо" (сну со“ “нн “о—рсс 
CH, CH, 
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О [e О 
bof Ff 
/ Z I Р; 
(CH440 “мсн “мнен NHCH о. ( )-@ 
CH, CH; CH(CH;), 
CF,COOH 
СНС 
| | | 
CH; 
| P А Pis 
ERU + CO, + H,NCH ^wucH/ “мнсн” “осн, 
Сн» CH, CH; CH(CH3)> 
| | | 
C С С С 
єснз)со“ Умнен“ ^o €. (сн,),со“ “мнсн” ‘o—pcc 
CH, CH, 
CH(CH3); CH(CH3); | 
[e [e [e [e О 
DD f OP | 
# Ж # и # 
(CH34CO `хнсн “мисн Anne ^wucH/ “осн, 
CH, CH, CH; CH(CH;)> 
CH(CH3)2 CF;COOH 
СН»С1› 
| | | | 
CH; 
3 С С С С 
| / # я # 
СНС + CO, + МСН “мисн “мисн “мнен “осн, 
CH(CH3)2 
НЕ, ЊО 
| | | | 
È С С С 
NCH” `хнен^ сине” nrc? Хон + нос ) 9 
CH, CH, CH, CH(CH4), 


| 
СН(СНз)› 
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38. 


39. 


40. 


41. 
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It is an Sy2 reaction followed by dissociation of a proton. 


О 
| | | 
`хнен^ "s “мисн in ^"NHCH/Á ^ 
| ie ie 
+ 


:5 >: 
A^ CH,COOH CH,COOH 
I— CHCOOH +r + Ht 


Because insulin has two peptide chains, treatment with Edman’s reagent would release two PTH-amino 
acids in approximately equal amounts. 

Knowing that the N-terminal amino acid is Gly, look for a peptide fragment that contains Gly. 

“Fragment 6” tells you that the second amino acid is Arg. 

“Fragment 5” tells you that the next two are Ala-Trp or Trp-Ala. 


“Fragment 4” tells you that Glu is next to Ala, so the third and fourth amino acids must be Trp-Ala and the 
fifth is Glu. 


“Fragment 7” tells you that the sixth amino acid is Leu. 
“Fragment 8” tells you that the next two are Met-Pro or Pro-Met. 


“Fragment 3” tells you that Pro is next to Val, so the seventh and eighth amino acids must be Met-Pro and 
the ninth is Val. 


“Fragment 2” tells you that the last amino acid is Asp. 
Gly-Arg-Trp-Ala-Glu-Leu-Met-Pro-Val-Asp 
Cysteine can react with cyanogen bromide, but the sulfur would not be positively charged, so it would be 


a poor leaving group. In addition, the lactone will not be formed because it would have a strained four- 
membered ring. Without lactone formation, the imine would not be formed, so cleavage cannot occur. 


N . 
| formation of a four- 
C membered ring 


poor | О R 


leaving C КҮЙ 
group N 
H 

О 


NH 


Y 


О 
а. His-Lys Leu-Val-Glu-Pro-Arg Ala-Gly-Ala 
b. Leu-Gly-Ser-Met-Phe-Pro-Tyr Gly-Val 


Solved in the text. 


42. 


43. 


44. 


45. 


46. 


The Organic Chemistry of Amino Acids, Peptides, and Proteins 


The data from treatment with Edman’s reagent and carboxypeptidase A identify the first and last amino 
acids. 


Leu Ser 


The data from cleavage with cyanogen bromide identify the position of Met and identify the other amino 
acids in the pentapeptide and tripeptide but not their order. 


Г cleavage with cyanogen bromide 


Arg, Lys, Tyr Arg, Phe 
Leu Met Ser 


The data from treatment with trypsin put the remaining amino acids in the correct positions. 


Leu Tyr Lys Arg Met Phe Arg Ser 


a. Trypsin cleaves at Arg and Lys. There are two possible primary structures: 


Val-Gly-Asp-Lys-Leu-Glu-Pro-Ala-Arg-Ala-Leu-Gly-Asp 
or 
Leu-Glu-Pro-Ala-Arg-Val-Gly-Asp-Lys-Ala-Leu-Gly-Asp 
The two possible primary structures can be distinguished by Edman’s reagent. Edman’s reagent would 
release Val in one case and Leu in the other. 
b. Trypsin cleaves at Arg and Lys. There are two possible primary structures: 
Ala-Glu-Pro-Arg-Ala-Met-Gly-Lys-Val-Leu-Gly-Glu 
or 


Ala-Met-Gly-Lys-Ala-Glu-Pro-Arg-Val-Leu-Gly-Glu 


The two possible primary structures can be distinguished by treatment with cyanogen bromide. 
Cyanogen bromide would cleave one of the possible polypeptides into two hexamers and the other into 
a dimer and a decamer. 

74 amino acids/3.6 amino acids per turn of the helix = 20.6 turns of the helix 

20.6 X 5.4 А = 110A in an a-helix (5.4 А is the repeat distance of the a-helix.) 

74 amino acids X 3.5A = 260A in fully extended polypeptide chain 


It would fold so that its nonpolar residues are on the outside of the protein in contact with the nonpolar 
membrane and its polar residues are on the inside of the protein. 


A protein folds to maximize the number of polar groups on the surface of the protein and the number of 
nonpolar groups on the inside of the protein. 


a. А cigar-shaped protein has the greatest surface area to volume ratio, so it has the highest percentage of 
polar amino acids. 


b. A subunit of a hexamer would have the smallest percentage of polar amino acids, because part of the 
surface of the subunit can be on the inside of the hexamer and therefore have nonpolar amino acids on 
its surface. 


751 


47. 


48. 


49. 


50. 


51. 


52. 


53. 


54. 


752 


The Organic Chemistry of Amino Acids, Peptides, and Proteins 


sss 


a scheme of two possible quaternary structures of a hexamer 


An amino acid is insoluble in diethyl ether (a relatively nonpolar solvent), because an amino acid exists as 
a highly polar zwitterion at neutral pH. In contrast, carboxylic acids and amines are less polar because they 
either are neutral or have a single charge depending on the extent of dissociation in diethyl ether. 


а. pH = 9.60 b. рН = 5.97 (5р се. pH = 2.34 


Val-Arg-Gly-Met-Arg-Ala Ser 

Ser-Phe-Lys-Met Pro-Ser-Ala-Asp 
с. Arg Ser-Pro-Lys Lys Ser-Glu-Gly 
As an amino acid moves from a solution with a pH equal to its pI to a more basic solution, the amino acid 
becomes more and more negatively charged. Because asparagine has a lower pl than leucine, in a solution 


of pH — 7.3, asparagine has moved farther from its pl than has leucine. Asparagine therefore will have a 
higher percentage of negative charge at pH — 7.3. 


N 
Ju H 
O "NH; О 
О 
| || Ц || 
а. с 
S N Ke 
но“ "cH,cH/ “он O°  "CH;CH / `O 
"NH; "NH, 
О 
Ej ai ] 
E © А 
и y x. 
но“ "cH,cH/ ^o O сн О 
"NH, NH; 


The student is correct. At the pl, the total of the positive charges on the tripeptide's amino groups must be one 
to balance the one negative charge of the carboxylate group. When the pH of the solution is equal to the pK, 
of a lysine residue, the three lysine groups each have one-half a positive charge for a total of one and one-half 
positive charges. Thus, the solution must be more basic than this in order to have just one positive charge. 


Since the mixture of amino acids is in a solution of pH — 5, His will have an overall positive charge and 
Glu will have an overall negative charge. His, therefore, will migrate to the cathode, and Glu will migrate 
to the anode. 
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Ser is more polar than Thr (both have OH groups, but Thr has an additional carbon). 


Thr is more polar than Met (Met has 5СН,СН, instead of СНОН). Met is more polar than Leu (Leu has 
four carbons where Met has three carbons and a sulfur). 


electrophoresis 
pH=5 
un 
е . 
@ 
= 
= 
= 
= 
© 
= 


chromatography 


—_» 


We know that “Fragment 3” (Leu-Pro-Phe) is at the C-terminal end of the polypeptide. Thus, the only 
question we need to answer is, which of the two fragments obtained by cleavage with cyanogen bromide, 
which begin with Gly and end with Met, is nearest the C-terminal end of the polypeptide? The answer is 
obtained from “Fragment 4” obtained from trypsin cleavage. The Met nearest to the C-terminal end must 
be preceded by Arg or Lys. Therefore, the polypeptide has the following sequence: 


Gly-Leu-Tyr-Phe-Lys-Ser-Met-Gly-Leu-Tyr-Lys-Val-Ile-Arg-Met-Leu-Pro-Phe 


You would (correctly) expect serine and cysteine to have lower pK, values than alanine, since a hydroxy- 
methyl and a thiomethyl group are more electron withdrawing than a methyl group. Because oxygen is more 
electronegative than sulfur, you would expect serine to have a lower pK, than cysteine. The fact that cysteine 
has a lower pK, than serine can be explained by stabilization of serine’s carboxyl proton by hydrogen bonding 
to the В-ОН group of serine, which causes it to have less of a tendency to be removed by a base. 


N || 
H4N 


Each compound has two groups that can act as a buffer, one amino group and one carboxyl group. Thus, 
the compound in higher concentration (0.2 M glycine) will be a more effective buffer. 


Groups that are not fully charged at the given pH are shown in the form that predominates at that pH. For 
example, tyrosine has a pK, — 9.11, so at pH — 7 itis shown in its acidic (neutral) form. 


| | | | | | 
а. С С С С С С 
+ / Ж / Ж = # 
ын ын BL `хнсн ‘nace `хнсн Хон 
Сн), CHOH CH,COOH CH;SH СН, СН, 
А 
МН 
3 Г NH 


+N EM: 
H 
OH 
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|| || | || || | 
b. С С С С С С 
РА # и / / f= 
H,NCH/ "NHCH “мнон ^NHCH/ "NHCH/ “мнсн” “о 
(СН), CHOH  CH,COO CH,SH СН, CH, 
р 
NH 
i 2 “мн И 
Ba 
N 
H > 
OH 
| | | | | | 
: 2X LUN Хх АА XX eX 
њен“ `NHCH нєн NHCH/ "^NHCH/ "^NHCH/ со 
(CH CH,OH  CH,COO CH,SH СН, CH, 
*NH 
3 2 “мн 
N—/ 
OH 


d. С 
/ Z PA / Z / = 
H,NCH з МНСН м а \NHCH \NHCH Мы HCH No 
нә, СЊОН СЊСОО CHjS CH, CH, 
NH 
2 “мн 
N—/ 
o 
О 
| | 
“4 PC == JN 
59 — NHCH EE — NHCH 
| О | 
Св, о (СН) 
maleic 
МН» anhydride и В 
О: 
lysine | С; О | 
О 
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60. a. When the polypeptide is treated with maleic anhydride, lysine reacts with maleic anhydride (see Prob- 
lem 59), but the amino group of arginine is not sufficiently nucleophilic to react with maleic anhydride. 
Therefore, trypsin will cleave only at arginine residues because the enzyme will no longer recognize 
lysine residues. 


b. Four fragments will be obtained from the polypetide. Remember that trypsin will not cleave the Arg- 
Pro bond. 


c. The N-terminal end of each fragment will be positively charged because of the NH; group. 
The C-terminal end will be negatively charged because of the COO group. 
Arginine residues will be positively charged. 
Aspartate and glutamate residues will be negatively charged. 
Lysine residues will be negatively charged because they are attached to the maleic acid group. 


Elution order: A>D>C>B 

А Gly-Ala-Asp-Ala-Leu-Pro-Gly-Ile-Leu- Val-Arg overall charge — 0 
+ = +— 

В Asp-Val-Gly-Lys-Val-Glu-Val-Phe-Glu-Ala-Gly-Arg overall charge = —3 
+— - – - -— 

C Ala-Glu-Phe-Lys-Glu-Pro-Arg overall charge = —2 
+ | 

D Leu-Val-Met-Lys-Val-Glu-Gly-Arg-Pro-Val-Ala-Ala-Gly-Leu-Trp overall charge = —1 
+ — – + — 


61. First, mark off where the chains would have been cleaved by chymotrypsin (C-side of Phe, Trp, Tyr). 


Val-Met-Tyr -Ala-Cys-Ser-Phe |Ala-Glu-Ser 
Ser-Cys-Phe | -Lys-Cys-Trp -Lys-Tyr -Cys-Phe -Arg-Cys-Ser 


Then, from the fragments given, you can determine where the disulfide bridges are in the original intact 
peptide. For example, "Fragment 2" has two Phe, two Cys, and one Ser. Therefore, the first and fourth 
fragments of the second row must be connected by a disulfide bond. 


Val-Met-Tyr-Ala-Cys-Ser-Phe-Ala-Glu-Ser 


| 
5 


| 
Ser-Cys-Phe-Lys-Cys-Trp-Lys-Tyr-Cys-Phe-Arg-Cys-Ser 
| | 
S—S 
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The methyl ester of phenylalanine rather than phenylalanine itself should be added in the second peptide 
bond-forming step, because if esterification of phenylalanine is done after amide bond formation, both the 
carboxy] group of phenylalanine and the y-carboxyl group of aspartate could be esterified. Both the car- 
boxyl group of phenylalanine and the y-carboxyl group of aspartate can be activated by DCC. Therefore, 
some product will be obtained in which the amide bond is formed with the y-carboxyl group of aspartate 
rather than with the a-carboxyl group. 


| | | | | 
c C С С С 
i SS K ZN ZN ab m 
(CH4),CO О OC(CH3)4 H,NCH О == (CH3)3CO NHCH О 
СН»СОО" CH,COO 
the amino group of the N-terminal the carboxyl group of 
amino acid is activated the N-terminal amino | РСС 


acid is activated 


У / 
(СН;),СО ^wucu/ "o-pcc 
CH,COO™ 
О О 
| | 
С С 


NCH” ^o^ 1. S0C NCH” “осн; 
2. СЊОН CH, 


methyl ester of 
phenylalanine 


|o n0 — 
C C C 


и 
(CH,),CO” ^wucu/ “мнен” “осн, 


| 
CH,COO- CH, 


CF;CO,H 
CH,Cl, 


|| || 
С С 
H,NCH \NHCH” “осн, 


| : 
CH,COO CH, 


aspartame 
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| |“ 
МН, 
C C 
JN NH; WO М -С=м | Z 
a R касс R H RCHC=N 
acid 
intermediate I intermediate II 
CH, || CH; | 
С = C 
| ГМ FON 
b. CH34CHCH, H MMC E OH 
3-methylbutanal «NH; 
leucine 


ZN P d M 
c. сонин H о. O 
СН» CH; *NH; 


2-methylbutanal isoleucine 


Ser-Glu-Leu-Trp-Lys-Ser-Val-Glu-His-Gly-Ala-Met 


*NH3 


RCHCOOH 


From the experiment with carboxypeptidase A, we know the C-terminal amino acid is Met. 


"Fragment 12" tells us the amino acid adjacent to Met is Ala. 
"Fragment 5" tells us the next amino acid is Gly. 
"Fragment 2" tells us the next amino acid is His. 
"Fragment 7" tells us the next amino acid is Glu. 
"Fragment 10" tells us the next amino acid is Val. 
"Fragment 3" tells us the next amino acid is Ser. 
"Fragment 9" tells us the next amino acid is Lys. 
“Fragment 1” tells us the next amino acid is Trp. 
"Fragment 8" tells us the next amino acid is Leu. 
"Fragment 11" tells us the next amino acid is Glu. 
"Fragment 4" tells us the next (first) amino acid is Ser. 


a. х’ x = the number of amino acids 
y — the number of spots in the peptide for each amino acid 


208 = 25,600,000,000 


b. 20 = 13 x 10°” 
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The pK, of the carboxylic acid group of the amino acid is lower than the pK, of the carboxylic acid group 
of the dipeptide, because the positively charged ammonium group of the amino acid is more strongly elec- 
tron withdrawing than the amide group of the peptide. This causes the amino acid to be a stronger acid and 
therefore have a lower pK,. 


| ) o gd 
C C @ 
+ + Pa / 
H,NCHÍ. Хон H4NCH; “мнен; Хон 
lower pK, 
The pK, of the ammonium group of the dipeptide is lower than the pK, of the ammonium group of the 


amino acid, because the amide group of the dipeptide is more strongly electron withdrawing than the car- 
boxylate group of the amino acid. 


| il 
С С С 
+ МА b nn. / = 
Н;МСН, О Н;МСН, “мнен; ха 
lower pK, 


Finding that there is one less spot than the number of amino acids tells you that the spots for two of the 
amino acids superimpose. Since leucine and isoleucine have identical polarities, they are good candidates 
for being the amino acids that migrate to the same location. 


Val (pI = 5.97), Trp (pI = 5.89), and Met (pI = 5.75) can be ordered based on their pI values, because 
the one with the greatest pI will be the one with the greatest amount of positive charge at pH = 5. (See 
Problem 50.) 


e 
" C» Arg 
$ 
= | Gly 
4!) < ть А Val 
г= Qo c c 
S “| Sa Ф <> Drp — Га 
© Asp Е а 
© chromatography 
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68. О О О О 
^ | || ux d 
ке a MN ч 
(CH4),CO O OC(CH3) + Bon оО ese es OC(CH3)3 
R H-NH 
p^ 4 в 
ш 
R 
|o dl | 
10: 
С С 
и“ I es M ких 
(CH3)3CO s О = . (CH3)3CO © ==0 OC(CH3)3 
R | , NH 
С HB | 
“М СНСОО 
+ (CH3)3CO O | 
R 
69. Oxidation of dithiothreitol is an intramolecular reaction, so it occurs with a larger rate constant than the 
oxidation of 2-mercaptoethanol, which is an intermolecular reaction. The reverse reduction reaction should 
occur with about the same rate constant in both cases. Increasing the rate of the oxidation reaction while 
keeping the rate of the reduction reaction constant is responsible for the greater equilibrium constant, be- 
cause Ка = ky /k_,, where Кү is the rate constant for oxidation and k is the rate constant for reduction. 
HO HO 
SH ky | 
SH № $ 
НО НО 
2 HOCH;CH5SH HOCH5;CH;S — SCH;3CH;OH 
Si 
(0) Ni О 
3 
70. а. | 1. Bry, РВгз | excess | 
"d 2. H,O я N 4 - + 
(CH3)CHCH; Хон 5 (CH;)CHCH OH (онон ^g + NH, 
Br *NH3 
valine 
| 
(CH3)2CH (CH3).CH _ С 
\ NH; \ C=N НСІ, НО ZN 
b. C=0 бае” C=NH ——— (СНз)›СНСН — С=ЕМ д ~ (CH3)2CHCH ОН 
/ acid / чы | | 
н н *NH; *NH3 
an aldehyde an imine valine 
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O 
i | | 
NH 
И N ances: Z H5 РАВЊУ 
с. (СВЕ СНС OH = (CH3)2CHC O = (CH35CHCH on 
|| acid || = | 
О МН NH5 
valine 
О 
| | бос, 
д. SUM тк + N Kt N— < | = 
Br 
a-bromomalonic ester potassium phthalimide сн.сн,о- 
(оси, 
N— б— co 
мыт 
boss 
CH; 
О 
СООН | бос, 
+ У, НСІ, "шо 
+ CO, + 2 OH N— = ш 
СООН CH(CH3); + 2 СЊСЊОН снн | 
phthalic acid valine 
Нз Br 
HC, „CH; 
CH3CHBr О ‘cH O 
| || CH34CH50- | -. || и, | | || 
e. СН5ОС— CH — COC>Hs C5H50C — C — COC3Hs - C5H50C — C — СОСН; 
| | | 
М М М 
/ x / 
Н “сон, H "een H “сон, 
О О О ae 
r 
tamid loni t 
acetamidomalonic ester CH3CH,OH РЗ 
О О 
| | 
+ 
2CH3;CH,OH + сн“ Хон + СО; + H,N—CH” Хон 
acetic acid CH(CH3); 
valine 
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Because the native enzyme has four disulfide bridges, we know that the denatured enzyme has eight cys- 
teine residues. The first cysteine has a one in seven chance of forming a disulfide bridge with the correct 
cysteine. The first cysteine of the next pair has a one in five chance, and the first cysteine of the third pair 
has a one in three chance. 

E x E x а 0.0095 

7 5 3 | 
If disulfide bridge formation were entirely random, the recovered enzyme should have 0.95% of its origi- 
nal activity. The fact that the enzyme the chemist recovered had 80% of its original activity supports his 
hypothesis that disulfide bridges form after the minimum energy conformation of the protein has been 
achieved. In other words, disulfide bridge formation is not random, but is determined by the tertiary struc- 
ture of the protein. 


Formation of the tetrahedral intermediate (the two arrows that represent electron flow to the right) and 
collapse of the tetrahedral intermediate (the two arrows that represent electron flow to the left) are shown 
together in the second step. 


R R R 


d H H 
io +N A HA 
О E % о > О 
(rs (ЖЕЎ 6e 


a thiazoline 


a PTH-amino acid 


The spot marked with an X is the peptide that is different in the normal and mutant polypeptide. The spot 
is closer to the cathode and farther to the right, indicating that the substituted amino acid in the mutant has 
a greater pI and is less polar. 


The fingerprints are those of hemoglobin (normal) and sickle-cell hemoglobin (mutant). In sickle-cell 
hemoglobin, a glutamate in the normal polypeptide is substituted with a valine. This agrees with our obser- 
vation that the substituted amino acid is less negative and more nonpolar. 
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electrophoresis at pH 
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© © 
ч} 
© 
I 
x 
2. 
О 5 
OO E OQ 
o 
(х) О E O 
5 
normal = mutant 
o 
e Paper chromatography й (5) Paper chromatography 
Ер кее SS 


Acid-catalyzed hydrolysis indicates the peptide contains 12 amino acids. 


Treatment with Edman’s reagent indicates that Val is the N-terminal amino acid. 


Val 


Treatment with carboxypeptidase A indicates that Ala is the C-terminal amino acid. 


Val Ala 


Treatment with cyanogen bromide indicates that Met is the fifth amino acid with Arg, Gly, Ser in an 
unknown order in positions 2, 3, and 4. 


Val Met Ala 
Arg, Gly, Ser 


Treatment with trypsin indicates that Arg is the third amino acid, and Ser is second, Gly is fourth, Tyr 
is sixth, and Lys is seventh. Since Lys is in the terminal fragment, cleavage did not occur at Lys, so Pro 
must be at lysine’s cleavage site, but we don’t know whether Lys-Pro comes before of after Phe and Ser. 


Val Ser Arg Gly Met Tyr Lys Ala 
Lys-Pro, Phe, Ser 


Treatment with chymotrypsin indicates that Phe is the tenth amino acid and Ser is the eleventh. 


Val Ser Arg Gly Met Tyr Lys Lys Pro Phe Ser Ala 


The Organic Chemistry of Amino Acids, Peptides, and Proteins 
Practice Test 


Draw the structure of the following amino acids at pH = 7: 


a. glutamic acid b. lysine €. isoleucine d. arginine e. asparagine 


Draw the form of histidine that predominates at: 


a pH—-1 b рн=4 с. pH=8 а. pH- 1 


Answer the following: 


a. Alanine has a pI = 6.02 and serine has a pl = 5.68. Which would have the highest concentration of 
positive charge at pH = 5.50? 


b. Which amino acid is the only one that does not have an asymmetric center? 
c. Which are the two most nonpolar amino acids? 


d. Which amino acid has the lowest pI? 


Why does the carboxyl group of alanine have a lower pK, than the carboxyl group of propanoic acid? 


| || 
С C 
єн;єн^ “он pK,-22  сн.сн/ “он PKa=47 


*NH, alanine propanoic acid 


Indicate whether each of the following statements is true or false: 


a. A cigar-shaped protein has a greater percentage of polar residues than a 
spherical protein. T 


b. Naturally occurring amino acids have the L-configuration. 


c. There is free rotation about a peptide bond. T 


What compound is obtained from mild oxidation of cysteine? 


Define each of the following: 
a. the primary structure of a protein 
b. the tertiary structure of a protein 


€. the quaternary structure of a protein 


763 


The Organic Chemistry of Amino Acids, Peptides, and Proteins 


8. Identify the spots. 


Asp 


О Пе 


О О Lys 
О О Phe 
О Ser 


electrophoresis 
pH=5 


Tyr 
e chromatography 
9. Calculate the pI of each of the following amino acids: 
a. phenylalanine (pK,s = 2.16, 9.18) b. arginine (pK,s = 2.17, 9.04, 12.48) 
10. From the following information, determine the primary sequence of the decapeptide: 


a. Acid hydrolysis gives: Ala, 2 Arg, Gly, His, Ile, Lys, Met, Phe, Ser 
b. Reaction with Edman’s reagent liberated Ala 


c. Reaction with carboxypeptidase A liberated Пе 


= 


Reaction with cyanogen bromide (cleaves on the C-side of Met) 
1. Gly, 2 Arg, Ala, Met, Ser 
2. Lys, Phe, Ile, His 

e. Reaction with trypsin (cleaves on the C-side of Arg and Lys) 


1. Arg, Gly 
2. Пе 
3. Phe, Lys, Met, His 
4. Arg, Ser, Ala 
f. Reaction with thermolysin (cleaves on the N-side of Leu, Ile, Phe, Trp, Tyr) 
1. Lys, Phe 
2. 2 Arg, Ser, His, Gly, Ala, Met 
3. Ile 
11. Describe how acetaldehyde can be converted to alanine. 
12. Draw the mechanism for the conversion of a thiol to a disulfide in a basic solution of Вг». 
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Answers to Practice Test 


| | "t I 
С С С C 
=. N Z Naa Z N Z Na 
a. "о снн O d. HN Сос оса О 
+NH3 +NH3 
| п 
С С С 
= SON 
b. о о и од е. HN“ °сн›сн^ `o- 
| 
+МНз +МНз 
сн. | 
А" 
с. COREE H o- 
+ NH3 
|| || 
и \ 
CHCH OH сњен“ ^o- 
a сз = | 
+NH3 +NH; 
Hur NH N Ne NH 
|| || 
ај - 
CHCH О CHCH О 
b. — | а | 
+МНз МН» 
ВИ“ Na УАН 
a. alanine, because it is farther away from its pl. c. leucine and isoleucine 
b. glycine d. aspartic acid 


The electron-withdrawing protonated amino group causes the carboxyl group of alanine to have 
a lower pK,. 
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5. a. A cigar-shaped protein has a greater percentage of polar residues than a spherical protein. 
b. Naturally occurring amino acids have the L-configuration. 


c. There is free rotation about a peptide bond. 


| | 
6. С С 
и \ AC Na- 
О {шш — а О 
+NH3 +NH3 
7. а. The sequence of the amino acids and the location of the disulfide bonds in the protein. 
b. The three-dimensional arrangement of all the atoms in the protein. 
с. A description of the way the subunits of an oligomer are arranged in space. 
8. о 
а | Obs 
Е м) 
е 
Е и 
S = Ser О O О 
$^ yr О № 
5 О Аар Рһе 
Ф chromatography 
2.16 + 9.18 11.34 9.04 + 12.48 _ 21.52 
9. 2 а а 5.67 Ь. 2 — 7 10.76 


10. Ala Ser Arg Су Arg Met His Phe Гуз Пе 


11. | 


- {i R—$r 
О ..— p-— : _ 
12.  R—SH => R—-§ BB Вов —=+ R—S—S—R + Br 
2 
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Important Terms 


acid catalyst 
active site 


acyl-enzyme intermediate 


amino acid side chain 
base catalyst 

catalyst 

covalent catalysis 
(nucleophilic catalysis) 


effective molarity 


electrophilic catalyst 
electrostatic catalysis 
enzyme 


general-acid catalysis 


general-base catalysis 


induced fit model 


intramolecular catalysis 


lock-and-key model 


metal-ion catalysis 


a catalyst that increases the rate of a reaction by donating a proton. 
a pocket or cleft in an enzyme where the substrate is bound. 


an amino acid residue of an enzyme that has been acylated while catalyzing a 
reaction. 


the substituent on the a-carbon of an amino acid. 
a catalyst that increases the rate of a reaction by removing a proton. 


a substance that increases the rate of a reaction without itself being consumed in 
the overall reaction. 


catalysis that occurs as a result of a nucleophile forming a covalent bond with one 
of the reactants. 


the concentration of the reagent that would be required in an intermolecular 
reaction for it to have the same rate as an intramolecular reaction. 


an electrophile that facilitates a reaction. 
the stabilization of a charge by an opposite charge. 
a protein that is a catalyst. 


catalysis in which a proton is transferred to the reactant during the slow step of the 
reaction. 


catalysis in which a proton is removed from the reactant during the slow step of 
the reaction. 


a model that describes the specificity of an enzyme for its substrate: the shape of 
the active site does not become completely complementary to the shape of the 


substrate until after the enzyme has bound the substrate. 


catalysis in which the catalyst that facilitates the reaction is part of the molecule 
undergoing reaction. 


a model that describes the specificity of an enzyme for its substrate: the substrate 
fits the enzyme like a key fits into a lock. 


catalysis in which the species that facilitates the reaction is a metal ion. 


From Chapter 23 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 by 
Pearson Education, Inc. All rights reserved. 
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molecular recognition 
nucleophilic catalysis 
(covalent catalysis) 
nucleophilic catalyst 
pH-activity profile 

or 


pH-rate profile 


relative rate 


site-specific mutagenesis 


specific-acid catalysis 


specific-base catalysis 


substrate 
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the recognition of one molecule by another as a result of specific interactions; for 
example, the specificity of an enzyme for its substrate. 


catalysis that occurs as a result of a nucleophile forming a covalent bond 
with one of the reactants. 


a catalyst that increases the rate of a reaction by acting as a nucleophile. 

a plot of the activity of an enzyme as a function of the pH of the reaction 

mixture. 

the relative rate is obtained by dividing the actual rate constant by the rate constant 
of the slowest reaction in the group being compared. 


a technique that substitutes one amino acid of a protein for another. 


catalysis in which the proton is fully transferred to the reactant before the slow 
step of the reaction. 


catalysis in which the proton is completely removed from the reactant before the 
slow step of the reaction. 


the reactant of an enzyme-catalyzed reaction. 


Catalysis in Organic Reactions and in Enzymatic Reactions 


Solutions to Problems 


1. A catalyst increases the rate of a reaction by decreasing the energy between the reactant and the transi- 
tion state of the rate-limiting step. That is, it decreases the height of the energy hill of the rate-limiting 
step. The following parameters would be different for a reaction carried out in the presence of a catalyst: 
АН“, E, AS*, AG*, Ка. These are the parameters that reflect the difference in energy between the reac- 
tant and the transition state. The other factors do not change because they reflect the difference in energy 
between the reactant and product, which is not affected by catalysis. 


2. Notice that (1) and (2) have only the first part of the mechanism for the acid-catalyzed hydrolysis of an 
ester (because the final product of the reaction is a tetrahedral intermediate), (3) has only the second part 


(because the initial reactant is a tetrahedral intermediate), and (4) has both the first and second parts. 


Mechanism for acid-catalyzed ester hydrolysis: first part 


Н — В+ 
1 ME — — = 
OOK А e Ren 
2 
OH OH + HB* 
C 
H 
СО OH OH OH 
(2) | EM =l в "T Е == l H 
R NH $i > | >B | 
+ 
OR OR + HBt 
oe к 
H 
; N A c | Е 
(4) H B ur R— < NHCH,——- R—C—NHCH; 


С 
RÁ ^NHCH os NHCH | 
3 к’ ynom 7 ou OH + HBt 


a. Similarities: the first step is protonation of the carbonyl compound, the second step is addition of a 
nucleophile to the protonated carbonyl compound, and the third step is loss of a proton. 


b. Differences: the carbonyl compound that is used as the starting material; the nucleophile used in (2) is 
an alcohol rather than water. 
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Mechanism for acid-catalyzed ester hydrolysis: second part 


.. AN 
OH :OH *O—H О 
ОСУ, S Я | 


oe Min H 
R—C— OCH, R—C—0CH === С 
| ~ к^ "oH в” "oH 
OH OH 
+ HB* 
би N OH OCH OCH OCH 
2 BE 3 3 3 
(3) R | и: ЕЁ = H SI а H R | H 
| ci "QU ME AME | | 
OCH; OCH; \ 7 p OCH; 
р 
н + НВ 
:бн :OH +б^н О 
4) R 6 Son, МЕ С, NHCH | n" | 
i | | a R “он R “он 
OH OH 
+ HBt 


a. Similarities: the first step is protonation of the tetrahedral intermediate, and the second step is elimi- 
nation of a group from the tetrahedral intermediate. In two of the three reactions, the third step is loss 
of a proton. 


b. Differences: the group that is protonated O in the first two and N in the third and the group that is 
eliminated from the tetrahedral intermediate. The third step in acetal formation is not loss of a proton, 
because the intermediate does not have a proton to lose. Instead, the third step is addition of a nucleo- 
phile, and the fourth step is loss of a proton. 


3. Both slow steps are specific-acid catalyzed; the compound is protonated before the slow step in each case. 


4. a. Inspecific-acid catalysis, the proton is added to the reactant before the O— C bond forms. 


т CH, р CH, 
o Г HB 
H—O+ O 


b. In general-acid catalysis, the proton is added to the reactant and the O—C bond forms in the same 


step. 
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Solved in the text. 


a. In specific-base catalysis, the proton is removed from the reactant before the O—C bond forms. 


O 

О + СЊО 
HB* 

CH4OH + :B 


b. In general-base catalysis, the proton is removed from the reactant and the O—C bond forms in the 


same step. 
О 
ad О 
У“ 

О _ 
Qo О + CH;0 

O—H | /B 
HB” 
CH4OH + :В 


The metal ion catalyzes the decarboxylation reaction by complexing with the negatively charged oxygen of 
the carboxylate group and carbonyl oxygen of the В-Кею group, thereby making it easier for the carbonyl 
oxygen to accept the electrons that аге left behind when СО) is eliminated. 


ch. д 
| E О 
О 


Because acetoacetate and the monoethyl ester of dimethyloxaloacetate do not have a negatively charged 
oxygen on one carbon and a carbonyl group on an adjacent carbon with which to form a complex, a metal 
ion does not catalyze decarboxylation of these compounds. 
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Co?* can catalyze the reaction in three different ways. It can complex with the reactant, increasing the 
susceptibility of the carbonyl group to nucleophilic addition. It can also complex with water, increasing the 
tendency of water to lose a proton, resulting in a better nucleophile for hydrolysis. And it can complex with 
the leaving group, decreasing its basicity and thereby making it a better leaving group. 


Co.. 
/ К з о 
um. Ж | SA 
NH, —* y & Lgs — wi + Ni 
HO Cot | " 
6+ 5-\ 
Со —OH, === Со’---ОН + Ht Сот 


D 
nN J + NH; + Со» 


Because the reacting groups in the trans isomer are pointed in opposite directions, they cannot react in an 
intramolecular reaction. Because they can react only via an intermolecular pathway, they will have ap- 
proximately the same rate of reaction as they would have if the reacting groups were in separate molecules. 
Consequently, the relative rate would be expected to be close to one. 


| 
^c H 


a. The nucleophile can attack the back side of either of the two ring carbons to which the sulfur is bonded 
in the intermediate, thereby forming two trans products. There are two nucleophiles (water and etha- 
nol), so a total of four products will be formed. 


SCH; осњсн; Sec 


CY SC&Hs on CY SC&Hs A s OCH2CH3 


Solved in the text. 


The tetrahedral intermediate has two leaving groups, a carboxylate ion and a phenolate ion. When there are 
no nitro substituents on the aromatic ring, the carboxylate ion is a weaker base (a better leaving group) than 
the 2,4-dinitrophenolate ion, so the tetrahedral intermediate reforms the ester. Thus, the reaction proceeds 
through general-base catalyzed hydrolysis of the ester. In contrast, the 2,4-dinitrophenolate ion is a weaker 
base (better leaving group) than the carboxylate ion, so the tetrahedral intermediate forms the anhydride. 
Thus, the reaction proceeds through hydrolysis of the anhydride formed by nucleophilic catalysis. 


Catalysis in Organic Reactions and in Enzymatic Reactions 


If the ortho-carboxyl substituent acts as an intramolecular base catalyst, !#О would be incorporated into 
acetic acid and not into salicylic acid. 


:Он 
< S 
CH4CO cio ES X9 
"e OH 
C 
ao = 


i o / N 


C С 

ZN < 

-0 BN Оо N 
salicylate 


If the ortho-carboxyl substituent acts as an intramolecular nucleophilic catalyst, Ї#О would be incorporated 
into both salicylic acid (if water adds to the carbonyl group attached to the benzene ring) and acetic acid 
(if water adds to the carbonyl group attached to the methyl group). 


here water adds to the carbonyl group 
attached to the benzene ring 


НО! 18 
N RAS 
C C 


я © PEN P as v ZX 
E No HO No басс) (9: S d O- 
+ p CH4CO- О О 

| + Ht 
О 
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Not all the salicylic acid would contain !*O, because the anhydride intermediate has two different carbonyl 
groups. If water adds to the benzyl carbonyl group (above), salicylic acid will contain !#О. If, however, 
water adds to the acetyl carbonyl group (below), acetic acid will contain !*O. 


-0 HO 
C 
7 IN 
( све Lo” о = 5 9 
н СШ» CHCOH 
[28 О 
H 


here water adds to the carbonyl group 
attached to the methyl group 


Solved in the text. 
2, 3, and 4 are bases, so they can help remove a proton. 


Ser-Ala-Leu would be more readily cleaved by carboxypeptidase A, because the nonpolar isobutyl sub- 
stituent of phenylalanine would be more attracted to the hydrophobic pocket of the enzyme than would the 
negatively charged substituent of aspartate. 


Glu 270 adds to the carbonyl group of the ester, forming a tetrahedral intermediate. Collapse of the tetra- 
hedral intermediate is most likely catalyzed by an acid group of the enzyme in order to increase the leaving 
ability of the RO group. (Perhaps the HO substituent of tyrosine is close enough in the esterase to be the 
catalyst.) The group that donates the proton can then act as a base catalyst to remove a proton from water 
as it hydrolyzes the anhydride. 


$3 


R B—H 
| " R 
RO ACA Ne 
f — MUN ore 
Glu 270 E: Glu 270, " CÓ: 
C C EN 
| | H H 
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HO R V R 
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У pa 
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18. Because arginine extends farther into the binding pocket, it must be the one that forms direct hydrogen 
bonds. Lysine, which is shorter, needs the mediation of a water molecule in order to engage in bond forma- 
tion with aspartate. 


arginine lysine 
—CH— —CH— 
СН» СН» 
СН» СН» 
СН» CH3 
NH CH, 
+f 
PEN М 
N N 
9+3 На H н H. end of lysine 
/ * HOCH) ] 


end of arginine 


‘ — HOCH; 
0 2 
H ~ \ 


5) 0-8 Sox 
ET у о 0-6 
| ме 
| 
19. The side chains of D-Arg and р-Гуз are not positioned to bind correctly at the active site. 


They would be able to bind at a mirror image of the active site. 


20. NAM would contain !30 because it is the ring that would undergo nucleophilic attack by Н,!80. 


\ 
те 
H К Or 
18 U 
~ 
О О 
НО 
МАМ у ХАС 
О 
^c =f 
21. Lemon juice contains citric acid. Some of the side chains of the enzyme will become protonated in an 


acidic solution. This will change the charge of the group (for example, a negatively charged aspartate, 
when protonated, becomes neutral; a neutral lysine, when protonated, becomes positively charged), and 
because the shape of an enzyme is determined by the interaction of the side chains, changing the charges of 
the side chains will cause the enzyme to undergo a conformational change that leads to denaturation. When 
the enzyme is denatured, it loses its ability to catalyze the reaction that causes apples to turn brown. 


775 


Catalysis in Organic Reactions and in Enzymatic Reactions 


22. In the absence of an enzyme, D-fructose is in equilibrium with D-glucose and D-mannose as a result of 
an enediol rearrangement. Both C-2 epimers are formed, because a new asymmetric center is formed at 
C-2 and it can have either the R or the 5 configuration. Enzyme-catalyzed reactions are typically highly 
stereoselective—the enzyme catalyzes the formation of a single stereoisomer. Thus, D-fructose is in equi- 
librium with only D-glucose in the presence of the enzyme that catalyzes the enediol rearrangement. 


23. The ascending leg of the pH-rate profile is due to a group that is a general-base catalyst because the rate is 
at a maximum when the group is in its basic form. From the description of the mechanism, we know that 
amino acid is histidine. 


The descending leg of the pH-rate profile is due to a group that is a general-acid catalyst because the rate is 
at a maximum when the group is in its acidic form. From the description of the mechanism, we know that 
amino acid is lysine. 


D 
E 
о 
сз 
o 
E 
> 
N 
= 
m 
pH 
24. a. Because the catalytic group is an acid catalyst, it will be active in its acidic form and inactive in its 


basic form. The pH at the midpoint of the curve corresponds to the pK, of the catalytic group because 
pH = pK, when [HA] = [A]. 


Enzyme activity 


5.6 
pH 
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b. Because the catalytic group is a base catalyst, it will be inactive in its acidic form and active in its basic 


form. 
5 
ES 
o 
сз 
о 
E 
> 
N 
= 
[ea 
7.2 
pH 
25. Because 2 is a primary amine, it can form an imine. Notice that 1 cannot form an imine because the lone 


pair on the NH; group is delocalized onto the oxygen, so this МН, group is not a nucleophile. The N in 3 is 
not nucleophilic because its lone pair is delocalized (the lone pair is part of indole's 7r cloud). 


| 
— СНС Nn, 
26. CH;OPOj 
со СН»ОРО» 
sf [у ууз СЊОРОЗ 
HO С сб | 
ES E | ES C = О 
НЕОН “on HO--C—H | 
` CHOH 
H—— OH но 
м Z H—O 
СН,ОРО; И 
H OH 
СЊООРО: 


777 


Catalysis in Organic Reactions and in Enzymatic Reactions 


27. The positively charged nitrogen of the protonated imine can accept the electrons that are left behind when 
the C3 — C4 bond breaks. 


СЊОРОЈГ 


" 
C--NH-(CH5)4—Lys 
ul (CH5)4 —Ly 


нон 
аа 
H—-— OH 


СЊОРОЈГ 


In the absence of the protonated imine, the electrons would be delocalized onto а neutral oxygen (see 
Problem 26). The neutral oxygen is not as electron withdrawing as the positively charged nitrogen of the 
protonated imine. In other words, imine formation makes it easier to break the C3 — C4 bond. 


28. In order to break the C3 — C4 bond, the carbonyl group has to be at the 2-position as it is in fructose, so it 
can accept the electrons that result from C3 — C4 bond cleavage; the carbonyl group at the 1-position in 
glucose cannot accept these electrons. Therefore, glucose must isomerize to a ketose before the reaction 


can occur. 
H О 
#2 
NU СНОН 
нон "^ = 
О VA сто Үеѕ 
HO P H HO 6 H РД 
H „Ке. H н—Со^н 
H—1— OH H—1— OH 
CH;OPOj CH;OPOi 
glucose-6-phosphate fructose-6-phosphate 
29. Cysteine residues react with iodoacetic acid because a thiol is a good nucleophile and iodine is a good 


leaving group. If a cysteine residue is at the active site of an enzyme, adding a substituent to the sulfur in 
this way could interfere with the enzyme's being able to bind the substrate or it could interfere with posi- 
tioning the tyrosine residue that catalyzes the reaction. Adding a substituent to cysteine might also cause a 
conformational change in the enzyme that could destroy its activity. 


| | 
С С 
E ZN dh cm Е + 
Суз—СН›8Н + [ү Св о —- Cys—CH,SCH, © + Г +H 
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The following compound will lose HBr more rapidly, because the negatively charged oxygen is in position 
to act as an intramolecular general-base catalyst. 


de ds 


Ох „Н 


The following compound will form an anhydride more rapidly because it forms а five-membered-ring 
anhydride, which is less strained and than the seven-membered-ring anhydride formed by the other com- 
pound. The greater stability of the five-membered-ring product causes the transition state leading to its for- 
mation to be more stable than the transition state leading to formation of the seven-membered-ring product. 


O 
О 


In order to hydrolyze ап amide, the МН» group in the tetrahedral intermediate has to leave in preference to 
the less basic OH group. This can happen if the NH; group is protonated because “NH; is a weaker base 
and, therefore, easier to eliminate than OH. Of the four compounds, two (ortho-carboxybenzamide and 
ortho-hydroxybenzamide) have substituents that can protonate the NH, by acting as acid catalysts in а hy- 
drolysis reaction carried out at pH = 3.5. 


i | | | 
C - CNH) CNH) CNH) CNH, 
i | OH 
О О ortho-hydroxybenzamide 


ortho-carboxybenzamide 


Because the carboxy group withdraws electrons from the ring by resonance and the OH group donates 
electrons to the ring by resonance, formation of the tetrahedral intermediate will be faster for the carboxy- 
substituted compound. 


The carboxy group is a stronger acid than the OH group (and with a pK, = 4.2, 83% will be in the acidic 
form at pH = 3.5). Therefore, a larger fraction of the tetrahedral intermediate will be protonated than in 
the case of the hydroxy-substituted compound, so collapse of the tetrahedral intermediate will be faster. 
Therefore, the кик has the faster rate of а 


X OH i OH 
AN 


| 
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33. а. CH;CH5SCH;CH,--CI intramolecular nucleophilic catalysis 


ee OH 
ua d 
b. бо intramolecular general-acid catalysis 
EN The OH substituent is protonating the leaving group as it departs, 
он causing it to be a weaker base and, therefore, а better leaving group. 
34. If the ortho-carboxylate ion is acting as a general-base catalyst, the kinetic isotope effect will be greater 


than 1.0, because an O—H (or O—D) bond is broken in the slow step of the reaction, and an O—D bond 
is stronger than an O—H bond and therefore is harder to break. 


If the ortho-carboxylate ion is acting as a nucleophilic catalyst, the kinetic isotope effect will be about 1.0, 
because an O—H (or O—D) bond is not broken in the slow step of the reaction. 


О 
< 


CH3CO 
С 
d 
^8 
:О O 
rate constant for the catalyzed reaction 1.5 х 10°M! s7! 
35. : - = 2.5 x 106 
rate constant for the uncatalyzed reaction 0.6M s 

36. Со?* can catalyze the hydrolysis reaction by complexing with three nitrogen atoms in the substrate as well 


as with water. Complexation increases the acidity of water, thereby providing a better nucleophile (metal- 
bound hydroxide) for the hydrolysis reaction. Complexation with three nitrogens locks the nucleophile into 
the correct position for addition to the carbonyl carbon. 


Nc Osha 
<> NH 6- NO NH 
Y ‚ кї! 
8+ + б+ ] 6 
RN -----Со-----М <] aig. sc м] 
| | | 2 | | + H 
H N H H N H 
2C | "e: 2C | e: 
27 27 
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37. Class I aldolases use a protonated imine as а site to which electrons сап be delocalized (see Problem 27). 
Class II aldolases use a metal ion complexed with the carbonyl group as a site to which electrons can be 
delocalized. 

CH;OPO? CH;OPO7 
0+ _ | Ix 
Cco-zmw C--0f —Zn* 
| 
нон к HOZC—H 
н 080 Ses н о Л 
Н = OH С = 2 | 
СН›ОРО?- H OH 
CH;OPO;- 
38. Knowing that the reaction is much slower if the N is replaced by a CH tells us that the N must be acting as 


a catalyst. We see that the N is in position to be an intramolecular nucleophilic catalyst. 


~ m СУ | "3 


> СН» м 


cl cl Ca 


CH; — 


39. In the absence of morpholine, the first step of the reaction is addition of water to the ester, because addi- 
tion of water to the aldehyde would form a hydrate that would be in equilibrium with the aldehyde. 


There are two possible mechanisms that can account for the observed catalysis by morpholine. In the pres- 
ence of morpholine, the first step of the reaction (in both mechanisms) is addition of morpholine to the 
aldehyde. The reaction of morpholine with the aldehyde is a faster reaction than the reaction of water with 
the ester, because morpholine is a better nucleophile than water and an aldehyde is more susceptible to 
nucleophilic addition than an ester. 
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In one mechanism, the negatively charged aldehyde oxygen (which is a much better nucleophile than 


water) is the nucleophile that adds to the ester. The tetrahedral intermediate collapses to form a lactone. 
Iminium ion formation followed by imine hydrolysis gives the final product. 


Q CO) 


О + CHOH 


In the other mechanism, the reaction of morpholine with the aldehyde forms an iminium ion. The posi- 
tively charged iminium ion makes it easier for water to add to the ester by stabilizing the negative charge 
that develops on the oxygen. Collapse of the tetrahedral intermediate followed by imine hydrolysis forms 
the final product. 


п а Ho \ Ho a 


\ HN О C=N+ О C=N+ O 
B X 
——— o n 
OCH; ZS KA 
с^ 3 c p. 


ss \ \ 
1 "s d OCH; HO (осн, 
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H H 
6), (C 
N N o 
\ Pp EGE m Ode — 
ын < а, Е 67 
Г\ py 
A} A 


н.о Water exchanges 
for bicarbonate 


Nó. 
/ m 
BUT 
| | C=0 
Nó. Н ^O 
ya 
2 


At pH = 12, the nucleophile is hydroxide ion. Addition of hydroxide ion to the carbonyl group is faster іп A, 
because the negative charge on the oxygen that is created in the tetrahedral intermediate is stabilized by the 
positively charged nitrogen. 


im d / 


D co NI 


co 
HO: 


faster 


At pH = 8, the nucleophile is water because the concentration of hydroxide ion is only 1 х 1079М. 
Addition of water to the carbonyl group is faster in B, because the amino group can act as a general-base 
catalyst to make water a better nucleophile. 


faster 
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42. a. The cis reactants each undergo ап Sy2 reaction. Because the acetate displaces the tosylate group by 
back-side attack, each cis reactant forms a trans product. 


1 О 
CH;—C — 0: 


b. The acetate group in a trans reactant is positioned to be able to displace the tosylate leaving group by 
an intramolecular Sy2 reaction. Acetate ion then attacks in a second Sy2 reaction from the back side of 
the group it displaces, so trans products are formed. Because both trans reactants form the same inter- 
mediate, they both form the same products. Because the acetate ion can attack either of the carbons in 
the intermediate equally easily, a racemic mixture will be formed. 


О 
eos CH; CH3 
b i-o о 
HçOTs ТОН ——- ——- H i + Д H 
Si D e з б+ EN Wa б+ | H H ЈЕ 
С=0 O=C С C—O O=C 
бн, ©н, ©н, сн, бн, 


c. The trans reactants аге more reactive because the tosylate leaving group is displaced in ап intra- 
molecular reaction, and the resulting positively charged cis intermediate is considerably more reactive 
than the neutral cis reactants. Thus, a trans isomer undergoes two successive 5,2 reactions, each of 
which is faster than the one step Sy2 reaction that a cis isomer undergoes. 


43. Reduction of the imine linkage with sodium borohydride causes fructose to become permanently attached 
to the enzyme because the hydrolyzable imine bond has been lost. Acid-catalyzed hydrolysis removes the 
two phosphate groups and hydrolyzes the two peptide bonds, so the radioactive fragment that is isolated 
after hydrolysis is the lysine residue (covalently attached to fructose) that originally formed the imine. 
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CH;OPOj NH CH;OPO; NH 
14 
14^ —N— (СН). — CH HC—NH—(CH>)4— CH 
1. NaBH4 
HO—-—H C—0  — —- нон с=о 
2. ЊО 
H—— oH NH H—— oH NH 
H—— OH H—— OH 
СЊОРОЈ СЊОРОЈ 
на | HO 
СН»ОН +NH3 
14 | 
HC—NH—(CH>)4— CH 
| 
но——Н 7 
н—— Он OH 
H—— on 
CHOH 


44. a. 3-Amino-2-oxindole catalyzes the decarboxylation of an a-keto acid by first forming an imine and 


then losing a proton from the a-carbon. Now the compound сап be decarboxylated, because the elec- 
trons left behind can be delocalized onto an oxygen. 


a N=C 
R `с=о 
— : == 
о + SG / “он imine formation o | 
М | М O 
H H | 
о-Кеїо acid H 
R | 
К A / 5 
= Мо CH 
~ Ss 
H ` со 
\ decarboxylation \ 
OH aE О о) 
N N C | 
H + CO; H H 


enolization 


R 


R 
H 4 H 4 
N=C NH, O=C 
H imine hydrolysis H 
О О 
М М 
н н 
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b. 3-Aminoindole would not be as effective a catalyst, because the electrons left behind when СО» is 


eliminated cannot be delocalized onto an electronegative atom. 


R 
v. 
NH; о МО 
С=0 
R С - "m 
д М imine formation 
V а ме Сон \ 5) 
N | N | 
H H 
3-aminoindole œ-keto acid 


Intramolecular nucleophilic attack on an alkyl halide occurs more rapidly than intermolecular attack 
on an alkyl halide, because the reacting groups are tethered together in the former, which makes it 
more likely that they will find each other in order to react. The intramolecular reaction is followed by 
another relatively rapid 542 reaction, because the strain in the three-membered ring causes it to break 
easily. 


:Nu = guanine 


ER d 
Oise ы Cl — УМ — Nu, „хм 20 
pS Са C | 
Ми 
| | eo J 
СРИ X Мег” " Cl 
o 9 са — SN = EA | > 
| О СГ HN N т 
HN j 
дл» | 
Нм” “М 
& 9 N 5 
HN CI vi 
| 3 C 7 NH 
е" «Д 
2 2 
| | | М МН» 
R 
[e | [e 
N 
HN Nope Senn NH 
By Jy LAL À 
нм” ^N | т NH, 
R R 
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46. O 


Glu 0: 


general-base C. 
catalyst H 


E и 


ОРО b 
dihydroxyacetone H 
phosphate 


-CN 


Glu 0: 


О 


2- . 
О;РО + Ніѕ 
3 OH HN < 


glyceraldehyde- \_ NH 
3-phosphate 
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Practice Test 


1. Indicate whether each of the following statements is true or false: 
A catalyst increases the equilibrium constant of a reaction. T F 


b. An acid catalyst donates a proton to the substrate and a base catalyst 
removes a proton from the substrate. T 


The reactant of an enzyme-catalyzed reaction is called a substrate. T 


d. Complexing with a metal ion increases the pK, of water. 


2. In lysozyme, glutamate 35 is a catalyst that is active in its acid form. Explain its catalytic function. 


3. a. Draw a pH-rate profile for an enzyme that has one catalytic group at the active site with a pK, = 5.7 
that functions as a general-base catalyst. 


b. Draw a pH-rate profile for an enzyme that has one catalytic group at the active site with a pK, = 5.7 
that functions as a general-acid catalyst. 


4. Using arrows, show the mechanism arrows for the first step in the mechanism for chymotrypsin. 
Ніз. = 
2 
P y^ MN 
Aspio2—CH3CO —-HNi JN: О: C=0: 
sp102 CH V | | 
н NHR 
first step 
; Ser 
Hiss oy | 195 
Е СН 
О > | °R 
A шоны, SN 
E Е NH f ee 
SP102 2 YQ n О: 
NHR 


a. What kind of catalyst is histidine in this step? 
b. What kind of catalyst is serine in this step? 


c. How does aspartate catalyze the reaction? 
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a. A catalyst increases the equilibrium constant of a reaction. 
b. An acid catalyst donates a proton to the substrate, and a base catalyst removes a proton 
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from the substrate. 


c. The reactant of an enzyme-catalyzed reaction is called a substrate. 


Answers to Practice Test 


d. Complexing with a metal ion increases the pK, of water. 


It protonates the leaving group to make it a better leaving group. 


pH 5.7 
Hiss7 
~ Нн» 
о у= 
Авр102 — CH5CO - - - НА М 
Н1557 
~ Н» 
О = 
Io, 
Азрур — СНСОГ --- HN. NH 


а. base catalyst 


b. nucleophilic catalyst 


b. 


rate 


first step 


c. it stabilizes the positive charge on histidine 


mad 
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Important Terms 
apoenzyme 


biotin 


coenzyme 
coenzyme A 
coenzyme Ву 


cofactor 


competitive inhibitor 


dehydrogenase 


electron sink 


flavin adenine 
dinucleotide (FAD) 


heterocyclic compound 


holoenzyme 
lipoate 


mechanism-based inhibitor 
(suicide inhibitor) 


molecular recognition 


nicotinamide adenine 
dinucleotide (NAD* ) 


nicotinamide adenine 
dinucleotide phosphate 
(NADP*) 


an enzyme (that needs a cofactor to catalyze a reaction) without its cofactor. 


the coenzyme required by enzymes that catalyze carboxylation of a carbon 
adjacent to an ester or a keto group. 


a cofactor that is an organic molecule. 
a thiol used by biological organisms to form thioesters. 
the coenzyme required by enzymes that catalyze certain rearrangement reactions. 


an organic molecule or a metal ion that an enzyme needs in order to catalyze a 
reaction. 


a compound that inhibits an enzyme by competing with the substrate for binding at 
the active site. 


an enzyme that carries out an oxidation reaction by removing hydrogen from the 
substrate. 


a site to which electrons can be delocalized. 


a coenzyme required in certain oxidation reactions. It is reduced to FADH», which 
18 à coenzyme required in certain reduction reactions. 


a cyclic compound in which one or more of the ring atoms is an atom other than 
carbon. 


an enzyme plus its cofactor. 
а coenzyme required in certain oxidation reactions. 


an inhibitor that inactivates an enzyme by undergoing part of the normal catalytic 
mechanism. 


the recognition of one molecule by another as a result of specific interactions. 


а coenzyme required in certain oxidation reactions. It is reduced to NADH, which 
18 à coenzyme required in certain reduction reactions. 


a coenzyme that is reduced to NADPH, which is a coenzyme required in certain 
reduction reactions. 


From Chapter 24 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright O 2014 by 
Pearson Education, Inc. АП rights reserved. 
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nucleotide 


pyridoxal phosphate 


suicide inhibitor 
(mechanism-based 
inhibitor) 


tetrahydrofolate (THF) 
thiamine pyrophosphate 
(TPP) 

transamination 


transimination 


vitamin 


vitamin KH, 
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a heterocycle attached in the B-position to the anomeric carbon of a phosphorylated 
ribose. 


the coenzyme required by enzymes that catalyze certain transformations of amino 
acids. 


a compound that inactivates an enzyme by undergoing part of its normal catalytic 
mechanism. 
the coenzyme required by enzymes that catalyze a reaction that donates a group 


containing a single carbon to its substrate. 


the coenzyme required by enzymes that catalyze a reaction that transfers an acyl 
group from one species to another. 


а reaction in which an amino group is transferred from one compound to another. 


the reaction of a primary amine with an imine to form a new imine and a primary 
amine derived from the original imine. 


a substance needed in small amounts for normal body function that the body 
cannot synthesize or cannot synthesize in adequate amounts. 


the coenzyme required by the enzyme that catalyzes the carboxylation of glutamate 
side chains. 
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Solutions to Problems 


1. The metal ion (Zn?*) makes the carbonyl carbon more susceptible to nucleophilic addition, increases the 
nucleophilicity of water by making it more like a hydroxide ion, and stabilizes the negative charge on the 
transition state. 


2. The alcohol is oxidized to a ketone. 

О О Е 

О О isocitrate О О O О 
Ty dehydrogenase + 
= __ + NAD ——~ _ + NADH + Н 
O О О 

OH 

3. The ketone is reduced to an alcohol. 
O O 
~ + NADH + Bo 7 _ + NAD’ 
О О 
О OH 

4. а. FAD has seven conjugated double bonds (indicated by *). 


b. FADH, has three conjugated double bonds (on the left of the molecule). It also has two conjugated 
double bonds (on the right of the molecule that are isolated from the other three. 
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The nitrogen that is the stronger base is the one most apt to be protonated. М-1 is a weaker base than М-5, be- 
cause the 7 electrons that belong to N-1 can be delocalized onto an oxygen, so protonation on nitrogen will not 
occur when a nucleophile adds to C-10a. The 77 electrons that belong to N-5 can be delocalized only into 
the benzene ring, so protonation on nitrogen will occur when a nucleophile adds to C-4a. Nucleophilic ad- 
dition therefore occurs at the position (4a) that results in the stronger base (N-5) being protonated. 


Fa A №2 МН 
5 
О 

R R 

| | " 
H3C N О H3C N N O 

TX 22 NH TX NH 
H3C N H3C N 
о » 


Solved in the text. 


When a proton is removed from the methyl group at C-8, the electrons that are left behind can be delocalized 
onto the oxygen at the 2-position or onto the oxygen at the 4-position. 


Biv | н 
| 
C-8 ------- > НС N N. C20 
AA 
G NH 
H;C N 
О 


When a proton is removed from the methyl group at C-7, the electrons that are left behind can be 
delocalized only onto carbons that, being less electronegative than oxygen, are less able to accommodate 


the electrons. 
HC N N О 
Z Y 
2 NH 
Ciee = HMC N 
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HO 
O 
eee Ни 
"DD C. gm С 
ox O: О О: 
& 
RN) `$ ч 


БЕ a В-Кего acid 


pyruvate-TPP 
intermediate 


Notice that the only difference in the mechanisms for pyruvate decarboxylase and acetolactate synthase 
is the species the two-carbon fragment is transferred to: a proton in the case of pyruvate carboxylase and 


pyruvate in the case of acetolactate synthase. 


НВ 
? HO 
/ CN РА 1 2 
cus `g И 
С 
a О | их 
+2 N RN 5 
PE 2 
7 | | 
wa INZ Ме 
RN + СН» PS 
= НО СН; 
acetolactate 


— 


н-Св 
G 
С Ө: 
P 2“ 
HO aTe 
сн 
Wel 
RN/ ^s + CO; 
в=/`н—о он 
ie 2 
сыс—с—с 
| 
Ж. CH; 
" 
RN’ ^s 
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10. 


Notice that the only difference in this reaction and that in Problem 9 is that the species to which the 
two-carbon fragment is transferred has an ethyl group in place of the methyl group. 


uth 
NEN Q 
О С D 
u И“ 
| б: HO А HO сњсњ/ с 
ZINA M. | | 
СН» C PHELPS A CH3C О 
1 B^ ~ 
at” ~ — M Ó AN 


—O OH 
C | JP 
CH4C—C—C 
| | cl | ^6: 
A ASSISES 
" 
RN S * С о 
| 


Solved in the text. 


The a-keto group that accepts the amino group from pyridoxamine is converted into an amino group. 


O О 
а. _ 
О — 
О 


п. 


12. 


О 
"NH, 
pyruvate alanine 
О О 
b О = О 
Wye үү 
О О O "NH; 
oxaloacetate aspartate 
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13. For clarity, the substituents are not put on the three bonds attached to the pyridinium ring in Problems 13, 14, 
and 16. 
о H n В" О О 
# 2 : 2 
H—~O—CH,~CH—C CH—C CH,—C 
Ы у O—CH, || Nis | 
В А í 
C HC 
YE WS Tx 
Cx 
+2 NI +27 
М 

М М 
м H H 

i 

transimination (СН 
NH; 
| 
нн 
М 
р 
НС 
О 
? 
| \о- + 
NH, „2 
М 
glycine H 
14. In the first step, a proton is removed from the a-carbon; in the next step, the leaving group is eliminated 


from the 6-carbon. Transimination produces an enamine. The enamine tautomerizes to an imine that is 
hydrolyzed to the final product. 


L О О 
a 8 X Cue X сњ=с—с 
нс”) Hcy нс“ 
SS 
qd — 194 — TS 
oe + 
AN ü Н 


transimination Y 2)4 


NH, 
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| 
тн 
О М 
| нс2 
О 
СН; С ыс и WY 
Ne Se tautomerization CH,— s —C 4 A 27 | 
|| о 
NH SS + 
NH 2 N 
an enamine 
НСІ | imine 
H50 | hydrolysis 
О 
| | 
CH „С + NH, 
| О 
О 
15. The compound on the right is more easily decarboxylated because the electrons left behind when CO, 


is eliminated are delocalized onto the positively charged nitrogen of the pyridine ring. The electrons left 
behind if the other compound is decarboxylated cannot be delocalized. 


| | 
au s cuj B 
» E. 
D А 
16. The first step (after transimination) in all amino acid transformations catalyzed by PLP is removal of a 


substituent from the a-carbon of the amino acid. The electrons left behind when the substituent is removed 
are delocalized onto the positively charged nitrogen of the pyridine ring. If the ring nitrogen was not 
protonated, it would be less attractive to the electrons. In other words, it would be a less effective electron 
sink. 
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17. The hydrogen of the OH substituent forms a hydrogen bond with the nitrogen of the imine linkage (see 
Problem 16). This puts a partial positive charge on the nitrogen, which makes it easier for the amino acid 
to add to the imine carbon in the transimination reaction that attaches the amino acid to the coenzyme. It 
also makes it easier to remove a substituent from the a-carbon of the amino acid. If the OH substituent is 
replaced by ап ОСН; substituent, there is no longer a proton available to form the hydrogen bond. 


18. The mechanism is the same as that shown in the text for dioldehydrase. The tetrahedral intermediate that 
is formed as a result of the coenzyme B;;-catalyzed isomerization is unstable and loses ammonia to give 
acetaldehyde, the final product of the reaction. 


H H H 
| | al 
AdCH) На T H Асн е =н Асн; à | H 
| с icc LN 
Co(II) H T H ко T H Co(II) T н 
МН, NH; NH; 
H H 
Асн, Асн Н СН Асн ~H | —Н 
| a— E —— 

Co(II) в Нов 
~~ NH, 
aia 

| | | 
H—C—H H= CH Н— <= Н 

— | — | + :B 
С С HÓ--C—H 
Z N +7 М E 
O H үзүн, uu l NH; 
:NH3 
O 
| ionyl-CoA | hylmalonyl-CoA | 
ropionyl-C o. теп malony!-Co. 
М а PA EN Ша е у Мм 
19. CHCH;  'SCoA — ~ CHCH `$СоА - CHCH  'SCoA 
biotin | coenzyme В12 | 

ionyl-CoA HCO3, ATP, Mg?* Е = 

poem | E COO COO 


succinyl-CoA 


20. They differ only in the circled part of the molecule. 


HN 
HNS ANS Ny NW ZN. Ng 
\ Д. NEA 
N N 


folic acid aminopterin 
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23. 


24. 


25. 
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The methyl group in thymidine comes from the methylene group of N°,N'°-methylene-THF, followed by the 
addition of a hydride ion from the coenzyme. The methylene group of N°,N'°-methylene-THF comes from 
the CH,OH group of serine by means of a PLP-catalyzed С—С cleavage. 


Two thiol groups are oxidized in each of the two reactions that overall reduces vitamin K epoxide to 
vitamin KH». Because dihydrolipoate has two thiol groups, each thiol oxidation involves an intramolecular 
reaction. When thiols such as ethanethiol or propanethiol are used, each thiol oxidation involves an inter- 
molecular reaction. These thiols react more slowly than dihydrolipoate, because the two thiol groups are 
not in the same molecule. Therefore, they have to find each other in order to react. 


a. thiamine pyrophosphate 
. FAD oxidizes dihydrolipoate back to lipoate. 
с. МАР“ oxidizes FADH, back to FAD. 


| | 
а. NH—CH—C - NH —CH—C 
| | 
E i 
CH, CH 
| Е ZN Е 
СОО- ООС СОО 


e. thiamine pyrophosphate and pyridoxal phosphate 

f. Thiamine pyrophosphate is used for the decarboxylation of a-keto acids. 
Pyridoxal phosphate is used for the decarboxylation of amino acids. 

g. biotin and vitamin KH, 

h. Biotin carboxylates a carbon adjacent to a carbonyl group (that is, an a-carbon). 
Vitamin КН» carboxylates the y-carbon of a glutamate. 


МАР“, NADP“, FAD, thiamine pyrophosphate, carboxybiotin, pyridoxal phosphate 
thiamine pyrophosphate, lipoate, biotin, pyridoxal phosphate, coenzyme B42 

vitamin KH, 

tetrahydrofolate 


ae pf 


acetyl-CoA carboxylase; biotin 

dihydrolipoyl dehydrogenase; FAD 

methylmalonyl-CoA mutase; coenzyme B42 

lactate dehydrogenase; NADH (This enzyme is named according to the reaction it catalyzes in the 
reverse direction.) 

aspartate transaminase; pyridoxal phosphate 

propionyl-CoA carboxylase; biotin 


ROSE 
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26. 


27. a. thiamine pyrophosphate, lipoate, coenzyme A, FAD, МАР“, indicated by numbers 1—5 in the mecha- 


nism below 
b nob 
ш. 
| || 5: 
С 5 
LÁ ~ Ёё 
О CHCH“ "c^ | ОН 
a-keto- | Je | »" 
glutarate СЕ ( HoCH5— C—C 
vw О CH;CH? О м7. 
RN S : 
= ZN 
x RN’ ^s 
thiamine pyrophosphate PES 
1 
О B:- О 
A 
| е ш || ОН H--B 
7N = PX | C 
О СН›СН›—С—$ SH О CH,CH,—-C 55 
9 - | 
R 
RN” ^s RN” `$ lipoate 
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О О 
|] (О 
=f / CoASH af / HS SH 
oO cH,cH/ ^s зн E = oO “сньсн/ “sCoA + 
T. succinyl-CoA 
C. R И 5 
+2 N 
RN S 4 | FAD 
PES a 5—8 
не + NADH + FAD -—— FADH, + os 
R 
О О 
„ | | | 
| ИХ y - / 
CH; HOCH; ђ ООССН»СН; x 
| | | 
С С C 
Z/N ZN JON 
oo CECH СН.СН.СН 
СН» CH; CH; 
29. T rin T 
AdcH, ©З ү AdCH; ла ————- _ AdCHs rii До" 
c La = 
С, C—O H C—O C—O 
Co(III) 
| Co(II) | Co(II) | 
SCoA SCoA SCoA 
i Wg 
CH, —CH AdCH)—H CH,—C—H 
AdCH, AdCH> | : iw | Я 
Со) Со(П) | Со(П) | 
SCoA SCoA 
30. The product of transamination of an amino acid has a carbonyl group in place of the amino group. 
О 
| | _ || _ 
С 
и“ Г" Pe 
a. M | CH3CHCH5 С СНзСН›СН С 
| || || 
СН» О СН» О СН» О 
derived from Val derived from Leu derived from Пе 
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их ZN ZEN 
b. Sd SCoA . CH4CHCH;  'SCoA СЊСЊСН `SCoA 
| | 
CH; CH; CH; 


c. The reaction catalyzed by the enzyme is identical to the reaction catalyzed by the pyruvate dehydro- 
genase complex. Therefore, they both require the same coenxymes: thiamine pyrophosphate, lipoate, 
coenzyme A, FAD, МАР“. 

d. The disease can be treated by a diet low in branched-chain amino acids. 


31. The products of the reaction are shown below. 


YN 
Ad — CHT + CH3CHT T + НО 


Со(Ш) 


The following mechanism explains the products: 


CH; rH сњ 
HO—C—T HO—C—T но-Сс—т 
АЯСН» | = AdÇH, cl =. AdCHT C | 
ТТ b Ты CT 'C—T 
Со(Ш) | Со(П) | Соб) | 
OH OH OH 
CH; H СН; 
AdCHT = AdCHT Н—С—Т - .. AdCHT C—T 
| : 
Со(Ш) Co(II) НО— || Т Со(П) HO— T =T 
OH OH 
dehydration 
H—C—T 
F + Но 
C 
К ~ 
o T 
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If there is only a limited amount of coenzyme, the second Н of the coenzyme will be replaced by T ша 
subsequent round of catalysis, which means that the final product will be: 


O 
| 
ZN 
А4— СТ + CH3CHT T + њо 
Co) 
id 
32. О а 
H 2 | 
T 
HN HN 2s 
o p | 
O^ + |: О М Т 
| 
ribose-5'-phosphate ribose-5'-phosphate ribose-5-phosphate 
33. For clarity, the substituents are not put on the three bonds attached to the pyridinium ring in Problems 


33—36. Each reaction in Problems 33—35 starts after the amino acid has undergone transimination with the 
lysine-bound coenzyme. 


| 
2 
Ho—cH,—CO» c^ 
од € 


О 
СНз хи Nee tautomerization cf 
С О В 2 


HCI | imine 
H50 | hydrolysis 
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О 
I 
CH + 
"e Et + NH, 


|| 
О 


34. = 
H 
О О 
I Z 2 
X—CH,—C>C X—CH, c 
iO: Ч No 
2 ae 
HC E HC 7 
DN 
Ge ENS | Ñ 
-— ‚Су 
N N 
BS N 
" 
О ES О 
-— 2 
УСН, үш diee x cms c- c _ 
ZN N о 
HC^ e 
2d HC 
Ж en 
N^ d 
H H 
| 
transimination ot 
NH, 
у 
Е 
(CH5)4 
N 
HC p> 
" Y—CH,—CH—C 
Su | ха" 
NH, 
n 
N 
H 
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35. а :В а HB' неба 
H H 
О О 
(LF С 2 - 7 
Х—Сн›—СН» (C C X—CH,+CH—C—C X CH=CH C—C 
| No | Хо" | ^o: 
UN N N 
2 ый P 
ae. — =y HC rj 
a" к: 
+K aS 
N N 
H H 
E ' о 
| 2 
(CH2)4 CH3CH —C md 
o 
N E N 
О НС | H 
| (CH34 
А PS E > МН, x 
сњсн=< D + ————— | 
| +2 transimination че 
NH N N 
H H 
tautomerization 
| 
HCI, | 
CH;CH, С но C 
“ “у „= е" М М 
s hydrolysis || + *NH4 
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36. 
о D 
| | Ф 
Z СРЕ P ad 
CH5 О: т, CH, О: СН» CH,—S SH 
| 7 transimination | n | | 
* NH; y N EE N Ез М 
i ZA 
glycine HC s HC 
ГС | 
N A N 27 
H о СО; B 


transimination | (CH2)4 


| 

МН, Z^ 
о MEE 
" = = 
NPNU-methylen-THE + NH, + HS SH „3 һ\Сн, S SH , n° 

THF Hc 

SS 

Е. | FAD | 

LZ 

N 

5—5 H 


FAD + NADH + Ht 


FADH, + Ps 


Nonenzyme-bound FAD has a greater oxidation potential than NAD*. Consequently, FAD oxidizes NADH 
to МАР“. When the enzyme binds FAD, it changes its oxidation potential, causing it to become less than 
that of МАР“. Consequently, МАР“ can oxidize enzyme-bound FADH, to FAD. 


37. 


In addition, there will be much more МАР“ relative to enzyme-bound FADH, in the mitochondria (where 


the oxidation of FADH, by МАР" takes place). Therefore, the equilibrium favors the oxidation of FADH, 
by NAD* (Le Chátelier's principle). 


E-FADH, + NAD? = === 
excess 


E-FAD + NADH + H* 
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38. | 
H;C м. JH. Lo 
| < » d 
АЎ „МН 
H3C N 
H 
FADH, 
R 
| 
H 
H N 
3C ZN b ni 
.. У „Ан - 
H3C N O О 
ноо ^ | 
С 
AT + Z N 
T ксн-Єсн` SR RCH— CH SR 
—-e,-H* 
(loss of an electron 
and a proton) 
+е,+Н* 
(gain of an electron 
and a proton) 
R 
| 
H3C N N О ' 
„Их „Мн 
H3C N+ Р ow 
H Г. + RCHCH SR 
FADH: | tautomerization 
—е,-Н* О 
(loss of an electron | 
and а proton) С 
| ES 
RCHCH, SR 
O 
ll +e", +H* 
H3C N O С (gain of an electron 
27 N and a proton) 
+ RCH;CH; ‘SR 
Z NH 
HC N 
FAD О 
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Practice Test 
What two coenzymes put carboxyl groups on their substrates? 
What are the three one-carbon groups that tetrahydrofolate coenzymes put on their substrates? 
Show the mechanism for NADPH reducing its substrate. 


Draw the structure of the compound obtained when the following amino acid undergoes transamination: 


cH, | 
CH;CH,CHCH О 
*NH3 


What is the first step in the reaction of the substrate with coenzyme Ву in an enzyme-catalyzed reaction 
that requires coenzyme B42? 


What coenzyme is required for each of the following enzyme-catalyzed reactions? 


a а и 
CH,CH; Nscoa 5те SEM “сод Эйе. б “сод 


СОО СОО 


Show the enzyme-catalyzed reaction that requires vitamin КН» as a coenzyme. 

Draw the product of the enzyme-catalyzed reaction that requires biotin and whose substrate is acetyl-CoA. 

a. Other than the substrate, enzyme, and coenzyme, what three additional reagents are needed by a 
reaction that requires biotin as a coenzyme? 

b. What is the function of each of these reagents? 


What is the function of FAD in the pyruvate dehydrogenase system? 


Draw the structures of the two products obtained from the following transamination reaction: 


| || А 


С С || TN 
/ Nee КӨГІ ЊУ transamination 
HO CH;CH O + 0 CH»CH> C — 
| “с^ “с 


+NH3 || 
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12. Indicate whether each of the following statements is true or false: 


a. Vitamin B, is the only water-insoluble vitamin that has a coenzyme function. 
b. БЕАРН, is a reducing agent. 


Thiamine pyrophospate is vitamin Bg. 


= о 


Cofactors that are organic molecules are called coenzymes. 


e. Vitamin K is a water-soluble vitamin. 


5 = === = = 
пп пл пп + 


f. Lipoic acid is covalently bound to its enzyme by ап amide linkage. 
Answers to Practice Test 
1. biotin and vitamin KH, 
2. methyl (СН;), methylene (CH3), formyl (HC —O) 
y^} OH :B 


pa. E 


C = СН 
H 
» V / 
ге | 
4. CH4CH;CH C 
N 
с No- 
О 
5. The first step is removing the hydrogen atom that is going to change places with a group оп an adjacent 
carbon. 
X— T — Хх i m 
Ad—CH, Ну-с ~ .— Ad—CH3 С 
а | 
Co(II) Co(II) 
6. first coenzyme = biotin 


second coenzyme = coenzyme Ву 
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| i 

— МНСНС — ———- — МНСНС — 
i ii 
CH; CH 
| Е ј БЕ 
СОО- ООС СОО 

с 
Z Na N 


О СН» SCoA 


а. ATP, Mg?*, HCO; 


b. ATP activates bicarbonate (HCO3) by putting a good leaving group (phosphate) on it. Mg?* com- 


plexes with ATP in order to reduce the negative charge on ATP so it can react with a nucleophile. 


НСО: is the source of the COO group that is put on the reactant. 


FAD oxidizes dihydrolipoate to lipoate. 
О О 
|| || 


| 
С С 
HO CH, „С + o^ “сн›сн›сн^ ^o- 
м | 


|| *NH3 
O 


ҒАРН, is a reducing agent. 

Thiamine pyrophosphate is vitamin Bg. 

Cofactors that are organic molecules are called coenzymes. 
Vitamin K is a water-soluble vitamin. 

Lipoic acid is covalently bound to its enzyme by an amide linkage. 


РОВОРЕ 


Vitamin B, is the only water-insoluble vitamin that has a coenzyme function. 


Amana 
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Important Terms 


acyl adenylate : ANTS adenosine 
o- 
O 
1 phosphat | | 
ас osphate 
о Rn 
ò- 
allosteric activator/ a compound that activates/inhibits an enzyme by binding to a site on the enzyme 
inhibitor other than the active site 
anabolism the reactions living organisms carry out that result in the synthesis of complex bio- 


molecules from simple precursor molecules. 


catabolism the reactions living organisms carry out to provide energy and simple precursor 
molecules for synthesis. 


citric acid cycle a series of reactions that convert the acetyl group of acetyl-CoA into two mol- 
ecules of CO, and a molecule of CoASH. 


cholesterol a steroid that is the precursor of all other steroids. 

dimethylallyl a compound needed for the biosynthesis of terpenes and biosynthesized from 
pyrophosphate isopentenyl pyrophosphate. 

diterpene a terpene that contains 20 carbons. 

feedback inhibitor a compound that inhibits a step at the beginning of the pathway for its biosynthesis 
glycolysis the series of reactions that converts glucose into two molecules of pyruvate. 
gluconeogenesis the synthesis of glucose from pyruvate 

high-energy bond a bond that releases a great deal of energy when it is broken. 


isopentenyl pyrophosphate the starting material for the biosynthesis of terpenes. 


metabolism reactions living organisms carry out in order to obtain the energy they need and to 
synthesize the compounds they require. 


monoterpene a terpene that contains 10 carbons. 


p-oxidation a repeating series of four reactions that convert a fatty acyl-CoA molecule into 
molecules of acetyl-CoA. 


From Chapter 25 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright O 2014 by 
Pearson Education, Inc. АП rights reserved. 
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oxidative phosphorylation 


phosphoanhydride bond 


phosphoryl transfer 
reaction 


protein prenylation 


regulatory enzyme 


sesquiterpene 
squalene 
terpene 
terpenoid 
tetraterpene 


triterpene 
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the fourth stage of catabolism in which NADH and FADH, are oxidized back to 
МАР" and FAD: for each NADH that is oxidized, 2.5 ATPs are formed; for each 
FADH, that is oxidized, 1.5 ATPs are formed. 

the bond that holds two phosphoric acid molecules together. 

the transfer of a phosphate group from one compound to another. 

the process of attaching farnesyl and geranylgeranyl groups to proteins to allow 


them to become anchored to membranes. 


an enzyme that catalyzes an irreversible reaction near the beginning of a pathway, 
thereby allowing independent control over degradation and synthesis. 


a terpene that contains 15 carbons. 

a triterpene that is a precursor of steroid molecules. 

a lipid isolated from a plant that contains carbon atoms in multiples of five. 
a terpene that contains oxygen. 

a terpene that contains 40 carbons. 


a terpene that contains 30 carbons. 
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Solutions to Problems 


1. a. Solved in the text. 


b. Because pH 7.4 is much more basic than the pK, values of the first two ionizations of ADP, these two 
groups will be in their basic forms at that pH, giving ADP two negative charges. We can determine the 
fraction of the group with a pK, of 6.8 that will be in its basic form at pH 7.4 using the method shown 


in part a. 
| | | К, 1.6 x 1077 
fraction of group present in basic form = = = = = 
К, + [Н ] 1.6 X 107 + 4.0 X 10 
1.6 x 1077 


= = 0.8 
1.6 х 1077 + 04 x 1077 


total negative charge of ADP = 2.0 + 0.8 = 2.8 


с. At pH 7.4 the OH group with a pK, of 1.9 will account for one negative charge and the OH group with 
a pK, of 12.4 will have no negative charge. We need to calculate the fraction of the group with a pK, 
value of 6.7 that will be negatively charged at pH 7.4. 

K, 20x10" 


fraction of group present in basic form — = = 0.8 
group p К, + [H] 20x107 + 04 х 107 


total negative charge on phosphate = 1.0 + 0.8 = 1.8 


О О О 
2. СНОН | | | СНОН | | 
| DOAN AN А6 | ИУ жЕ 
CHOH * - СНОН + 2 + 
| O 6-0 o-9 o-9 | o- 9 o-9 
СЊОН СЊОРОЗ 
glycerol glycerol-3-phosphate ADP 
3. 1 Н СНОН 
С... ог НО н 
АН 
HOCH, V 8 
3 СЊОРО;2 CH30PO,7- 
2 
(R)-glycerol-3-phosphate 
4. The resonance contributor on the right shows that the 8-carbon of the a,6-unsaturated carbonyl compound 


has a partial positive charge. The nucleophilic OH group, therefore, is attracted to the B-carbon. 


О (on 
IP | 


С С 
[Ме в а 2 


ВСН = CH SCoA <> RCH — CH SCoA 
+ 


5. Because palmitic acid has 16 carbons and the acyl group of acetyl-CoA has 2 carbons, 8 molecules of 
acetyl-CoA are formed from 1 molecule of palmitic acid. 
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13. 


14. 
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seven: one mole of NADH will be obtained from each of the following rounds of 6-oxidation. 


Ist round 
16 of B-oxidation 14 2nd round 12 3rd round 10 
—————- carbons ————- carbons — carbons 
carbons + 1 acetyl-CoA + 1 acetyl-CoA + 1 acetyl-CoA 
4th round 
7th round 4 6th round 6 5th round 8 
2 acetyl-CoA = carbons -—————— carbons —————— carbons 
+ 1 acetyl-CoA + 1 acetyl-CoA + 1 acetyl-CoA 
?-0.POCH; Я 286 о о ?-0.POCH; " CH,OPO;2> о о 
HO P P P Ad HO P Р Ad 
i An SS TN Е © ММ 
OH ol o9 OH oro o 
+ 
HO HO is 
fructose-6-phosphate ATP fructose-1,6-bisphosphate ADP 


a. conversion of glucose to glucose-6-phosphate (the first step) 
conversion of fructose-6-phosphate to fructose-1,6-bisphosphate (the third step) 


b. conversion of 1,3-bisphosphoglycerate to 3-phosphoglycerate (the seventh step) 
conversion of phosphoenolpyruvate to pyruvate (the tenth step) 


The reaction that follows the oxidation of glyceraldehyde-3-phosphate to 1,3-bisphosphoglycerate 
(the conversion of 1,3-bisphosphoglycerate to 3-phosphoglycerate) is highly exergonic. Therefore as 
1,3-bisphosphoglycerate is converted to 3-phosphoglycerate, glyceraldehyde-3-phosphate will be con- 
verted to 1,3-bisphosphoglycerate to replenish it. 


two; each molecule of p-glucose is converted to two molecules of glyceraldehyde-3-phosphate, and each 
molecule of glyceraldehyde-3-phosphate requires one molecule of МАР“ for it to be converted to one 
molecule of pyruvate. 


acetaldehyde reductase 


a ketone 


thiamine pyrophosphate 


OH в 
| 
СН» mu СН» 
О 
NH; Ux NH; 
+ 22 
М 
R 
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15. pyridoxal phosphate 


| | 
С С 
16. CH 7 TE CH3, P= 
Е О | О 
*NH3 О 
alanine pyruvate 
17. Protonated histidine (pK, = 6.0) is not strong enough an acid to fully protonate the OH group to make it 


a good leaving group (H5O) that would be able to leave in the first step of the elimination reaction, which 
is required for an ЕІ reaction. Therefore, it is an E2 reaction with protonated histidine acting as a general- 
acid catalyst to protonate the OH group as it departs. 

18. a secondary alcohol 


19. citrate and isocitrate (and the alkene intermediate generated during the conversion of citrate to isocitrate) 
20. Бс ИС 


21. From the пате of the enzyme, we know that it adds a phosphate group to a nucleotide diphosphate. 


|| | | | | 
–УР~_ P „АЧ T А Gu 


и Р | 
:О | О | О 70 | О | О | О nucleotide 
= Е = - = diphosphate 
"JR Ө О ME 


| || || | | 
„Рес Вес РВ 2А + Си 


C» pop у о о | Oo} oO 
о ^O “о о СО 
22. succinyl-CoA synthetase: this enzyme catalyzes a reaction of succinyl-CoA; the reverse reaction would be 
the synthesis of succinyl-CoA. 
23. a. The conversion of one molecule of glycerol to dihydroxyacetone phosphate consumes one mole- 


cule of ATP. The conversion of dihydroxyacetone phosphate to pyruvate produces two molecules of 
ATP. Therefore, one molecule of ATP is obtained from the conversion of one molecule of glycerol to 
pyruvate. 


b. One NADH is formed from the conversion of one molecule of glycerol to dihydroxyacetone phos- 
phate, and one NADH is formed from the conversion of dihydroxyacetone phosphate to pyruvate. Each 
NADH forms 2.5 ATP in the fourth stage of catabolism. So when the fourth stage of catabolism is in- 
cluded, six molecules (2.5 + 2.5 + 1 = 6) of ATP are obtained from the conversion of one molecule 
of glycerol to pyruvate. 


24. а. glycerol kinase b. phosphatidic acid phosphatase 
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25. The first step is an 532 reaction; the second step is a nucleophilic addition elimination reaction. 
O О О 
Ко и ДОДА 
ЕК РА АРУ 
ое 9 pos ^O o- 
(0) О О *NHs 
ATP glutamate 
О О О 
И И > 
Ad + || 
ИРУ ИР Р 
SIL Se pee oo or 
d У | *NH3 
ADP ‘NH; 
"T oo 1 "oo 1 
P | Р 
"o^ Rs о" -07 | E од 
TO + TO + 
NH NH3 МН NH3 
< 
+ 
“ нр cH B 
| AK. 
P 
но” |707 * нм C~o- 
О +МНз 
glutamine 
26. The fact that the tail-to-tail linkage occurs in the exact center of the molecule suggests that the two halves 
are synthesized (in a head-to-tail fashion) and then joined together in a tail-to-tail linkage. 
P tail-to-tail linkage 
27. 


Squalene, lycopene, and B-carotene аге all synthesized in the same way. In each case, two halves are syn- 
thesized (in a head-to-tail fashion) and then joined together in a tail-to-tail linkage. 


lycopene 


ххх 
B-carotene 
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О О 


A у BK 
SCoA E SCoA 


Claisen 


condensation 
Ум—— ——= 


o7 O 
| A 
—С SCoA 


SCoA 


О он О 
ee 


hydroxymethylglutaryl-CoA 


о о 
КА + CoASH 
SCoA 


О 
A aldol 
= SCoA addition 


О о О 
"—— -——— 


29. One equivalent of NADPH is required to reduce the thioester to an aldehyde. The second equivalent of 
NADPH is needed to reduce the aldehyde to an alcohol. 


oe 


оос SMI —- 


| 


NADP--H 


H:0:- 
OC "a. =” 
SCoA 


NADP* 


a 


H 


оос M, L * NADP' 
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30. 
O O O 
OH i i i 
oe M с: АЕ aes 
бн + © |CO | 0 | о 
| “О TO om 
mevalonic acid ATP \ 
OH О 
( = ср p Р P is 
OOC Psi ИРУ ИР И“ 
oO + О | O | 0 + и 
o- О О 
ADP 
| i | 
Ad 
P 
"d [roe Bd Du 
Oo (од (од 
ОН О | | Ad 
Б S | | Р Р 
о | O | O o 
од 99 
mevalonyl pyrophosphate ADP 
31. Solved in the text. 
32. 
NS О О = н0: Е 
Qt | | i 
on | ~o” | ~o- J 
| од ОГ 
+ 
geranyl +ОН ОН 
pyrophosphate - & | a.-terpineol 
H20: H 
| | | | 
33. 
| РЦ ер AN nth, > AN үм +В 
= + = р 
Og Оо 0 Og 9] 8 
E isomer 
rotate about 
single bond 
:В 
О О F О 
| 7 Y gj i ү | 
НВ + Р Р SE P P 
SIN ZAIN SIN ХМ 
Og 0g 9 | Og 90g 0 


Z isomer 
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34. It tells you that the reaction is an Sy1 reaction, because the fluoro-substituted carbocation is less stable 
than the non-fluoro-substituted carbocation (due to the strongly electron-withdrawing fluoro substituent), 
so it would form more slowly. 


SS о Pp 


F 


less stable more stable 


If the reaction had been an Sy2 reaction, the fluoro-substituted compound would have reacted more rapidly 
than the non-fluoro-substituted carbocation, because the electron-withdrawing fluoro substituent would 
make the compound more susceptible to nucleophilic attack. 


35. 
- fd 
К 
Sus 
farnesyl pyrophosphate 
+ 

бы; 

n = Но“ 
36. Solved in the text. 
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37. There are two 1,2-hydride shifts and two 1,2-те ћу! shifts. The last step is elimination of a proton. 
H3C CH3 CH3 


CH; З CH; 


1,2-hydride 
shift 


HO 


1 .2-hydride 


protosterol cation 
shift 


H3C CH; CH3 


CH; CH; 


1,2-methyl 
shift 


ЕР ———— — 


HO 


1,2-methyl 
shift 


CH; CH; 


СН» СН; 


38. a. catabolic b. catabolic 
Т оо о 
| E aa | | Ad 
HO OH + МИ ZIN A 
O o-9 o-9 о-о 
ОН 
D-galactose ATP ES 
HO О О 
CHOH | | 
9 T POP 
HO OPO; * os x ÁN 
О o-9 о- 
ОН 
D-galactose-1-phosphate ADP 
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40. The hydrogen on the @-carbon. 


| | 
СН» С С 
МИ " P Mb ы 
| ^o — —-  CH;CH О 
| 
O OH 
pyruvate lactate 
41. a. reactions | and 3 b. reactions 2, 5, and 8 c. reaction 6 d. reaction 9 
42. The conversion of citrate to isocitrate. 


The conversion of fumarate to (S)-malate. 


43. O O O 
l a NN Kot O 
в” `o- + -97 aoe | 70“ 4 — RI id |^o- + -0^ ce | 70 
a fatty acid “О 70 “О од “О “О 
АТР ADP 
CoASH 
0 o © o f 
| Р Р 
/ — R—C€—0/|^0 -—— в соо 
В SCoA o- o- 
CoAS CoAS —H 
"BH B 
44. О О О О 
reduction 
О О О О 
О ОН 


a-ketoglutarate 


45. The label will be on the phosphate group that is attached to the enzyme (phosphoglycerate mutase) that 
catalyzes the isomerization of 3-phosphoglycerate to 2-phosphoglycerate. 


46. If you examine the mechanism for the isomerism of glucose-6-phosphate to fructose-6-phosphate, you can 
see that C-1 in D-glucose is also C-1 in D-fructose. 


Now, if you examine the mechanism for the aldolase-catalyzed cleavage of fructose-1,6-bisphosphate to 


form glyceraldehyde-3-phosphate, you can see which carbons in D-glucose correspond to the carbons in 
dihydroxyacetone phosphate and p-glyceraldehyde-3-phosphate. 
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47. 


48. 


49. 


50. 


51. 
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Then, you will see how the carbons in dihydroxyacetone phosphate correspond to the carbons in 
D-glyceraldehyde-3-phosphate. 


H О н О 
1 1 1 
b d СН,ОРО;2- СЊОРО \37 
| 
H—f—0H 2C—0 ж — нон 
нон + но—|н — 3CH;0H 1 СН,ОРО;2- 
нон H—*on dihydroxyacetone D-glyceraldehyde- 
-phosphat 
H—.—oH H— oH phosphate 3-phosphate 
H O 
6 CH,0PO;7— 6 CH,OPO37— №44 А 
20P03 20P03 ce 3and4 COO 
D-glucose- D-fructose- | 
6-phosphate 1,6-bisphosphate H— Он ——- 2and5 С=О 
- | 
6 СН:ОРОЗ? landó CH; 
D-glyceraldehyde- 
3-phosphate pyruvate 


Finally we see how the carbons in p-glyceraldehyde-3-phosphate correspond to the carbons in pyruvate. 
Therefore, C-3 and C-4 of glucose each becomes a carboxyl group in pyruvate. 


Pyruvate loses its carboxyl group when it is converted to ethanol. Because the carboxyl group is C-3 or C-4 
of glucose, half of the ethanol molecules contain C-1 and C-2 of glucose and the other half contain C-5 and 
C-6 of glucose. 


At the beginning of a fast, blood glucose levels would be normal. 
After a 24-hour fast, blood glucose levels would be very low because both dietary glucose and glycogen have 
been depleted and glucose cannot be synthesized because of the deficiency of fructose-1,6-bisphosphatase. 


The conversion of pyruvate to lactate is a reversible reaction. Lactate can be converted back to pyruvate by 
oxidation. 


O O 
reduction 
Oo oxidation Oo 
O OH 
pyruvate lactate 


The conversion of pyruvate to acetaldehyde is not a reversible reaction because it is a decarboxylation. The 
CO, cannot be put back onto acetaldehyde. 


О О 
а —- P * CO, 
О 
pyruvate acetaldehyde 


The -oxidation of a molecule of a 16-carbon fatty acyl-CoA will form 8 molecules of acetyl-CoA. 


Each molecule of acetyl-CoA forms 2 molecules of СО». Therefore, the 8 molecules of acetyl-CoA 
obtained from a molecule of a 16-carbon fatty acyl-CoA will form 16 molecules of СО». 


52. 


53. 


54. 


55. 


56. 


57. 
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No ATP is formed from f-oxidation. 


Each molecule of acetyl-CoA that is cleaved from the 16-carbon fatty acyl-CoA forms 1 molecule of 
FADH; and 1 molecule of NADH. Since a 16-carbon fatty acyl-CoA undergoes 7 cleavages, 7 molecules 
of FADH, and 7 molecules of NADH are formed from the 16-carbon fatty acyl-CoA. 


Because each NADH forms 2.5 molecules of ATP and each FADH, forms 1.5 molecules of ATP in oxi- 
dative phosphorylation, the 7 molecules of NADH form 17.5 molecules of ATP and the 7 molecules of 
FADH, form 10.5 molecules of ATP. Therefore, 28 molecules of ATP are formed. 


We have seen that each molecule of acetyl-CoA that enters the citric acid cycle forms 10 molecules of 
ATP. A molecule of a 16-carbon fatty acid will form 8 molecules of acetyl-CoA. These will form 80 mol- 
ecules of ATP. When these are added to the number of ATP molecules formed from the NADH and FADH, 
generated in B-oxidation, we see that 108 molecules of ATP are formed from complete metabolism of a 
16-carbon saturated fatty acyl-CoA. 


Each molecule of glucose, while being converted to two molecules of pyruvate, forms two molecules of 
ATP and two molecules of NADH. 


The two molecules of pyruvate form two molecules of NADH while being converted to two molecules of 
acetyl-CoA. 


Each molecule of acetyl-CoA that enters the citric acid cycle forms three molecules of NADH, one mol- 
есше of FADE», and one molecule of ATP. Therefore the two molecules of acetyl-CoA obtained from 
glucose form six molecules of NADH, two molecules of ЕАрН,, and two molecules of ATP. 


Therefore, each molecule of glucose forms four molecules of ATP, ten molecules of NADH (2 + 2 + 6), 
and two molecules of FADH). 


Since each NADH forms 2.5 molecules of ATP and each FADH, forms 1.5 molecules of ATP, one mol- 
есше of glucose forms 4 + (10 X 2.5) + (2 X 1.5) molecules of ATP. That is, each molecule of glucose 
forms 32 molecules of ATP. 


Pyruvate can be converted to alanine (transamination), oxaloacetate (carboxylation), lactate (reduction), 
and acetyl-CoA (by the pyruvate dehydrogenase complex). 


O О 
Oo Oo 
"NH, EN P OH 
alanine О 1асїаїе 
«^ о" 
О 


о " pyruvate EM о 
e so don 


О О 
oxaloacetate acetyl-CoA 
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58. The conversion of propionyl-CoA to methylmalonyl-CoA requires biotin (vitamin H). 
The conversion of methylmalonyl-CoA to succinyl-CoA requires coenzyme By) (vitamin B42). 


59. In Problem 46 we saw how the carbons in p-glyceraldehyde-3-phosphate correspond to the carbons in 
pyruvate. 
3 4 
HC—O HC—O 3and4 СОО" 
H—}— oH н—Р—он 2and5 C=O 
1 CH,OPO37— 6 CH,OPO37— land6 CH; 
D-glyceraldehyde-3-phosphate pyruvate 


Now we can answer the questions. The label in pyruvate is indicated by *. 


а COO c. *COO e. COO 
C—O C—O *C=O 
* СН» СН» СН; 
b СОО" а. = СОО f. COO 
x C=O C=O C=O 
СН; СН; * СНз 
О О 
60. oe ye 
О О 
pyruvate pyruvate 
pyruvate 
Ру А dehydrogenase 
carboxylase complex 
О O citrate synthase о HO CO; O 
О = ps = A Д 
sor + SCoA О SCoA 
О О асегу1-СоА bol 
oxaloacetate о HO CO; O 
-0 о" 
citrate 
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61. A Claisen condensation between two molecules of acetyl-CoA forms acetoacetyl-CoA that, when hydro- 
lyzed, forms acetoacetate. 


| | j 
:0:- 
С С С 
сна \scoa pum cuf “А ИО CH;— [и сн SCoA 
acetyl-CoA enol of acetyl-CoA E SCoA 
| gn | 1 
С С e С 
и N / N hydrolysis Z N / N 


CoASH + CH; СН о === CH; ‘CH,  'SCoA + CoASH 


acetoacetate acetoacetyl-CoA 


Acetoacetate can undergo decarboxylation to form acetone, or it can be reduced to 3-hydroxybutyrate. 


| gm | | 
С С С C 
DN N / izati AUN 
CH; CH; o- TOU CO, + CH; CH; enolization CH; CH; 
acetoacetate acetone 
я | 
- || || 
О OH 
C С C C 
AN Х = reduction | ГАЗИ Ht | Z NO 
СН; CH, O E CH3C m CH5 О == = CH3CHCH) O 
acetoacetate i 3-hydroxybutyrate 
NAD—H NAD* 
62. From the mechanisms for the conversion of fructose-1,6-bisphosphate to glyceraldehyde-3-phosphate 


and dihydroxyacetone phosphate and the conversion of dihydroxyacetone phosphate to glyceraldehyde- 
3-phosphate, you can see that the label (*) was at C-1 in glyceraldehyde-3-phosphate. 


СН,ОРО;2 triosephosphate СН,ОРО;2 
5 | isomerase 
СН,ОРО; с=0 ~~~ НО — Н 
| 
C—O С 
Idol ia 4 | `i 
ж aldolase 
HO——H " 2 
H—T—0H C 
Н = OH н OH 
СЊОРО; СН,ОРО;2 
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63. a. UDP-galactose and UDP-glucose are C-4 epimers. МАР“ oxidizes the C-4 OH group of UDP- 
galactose to a ketone. When NADH reduces the ketone back to an OH, it attacks the sp” carbon from 
above the plane, forming the C-4 epimer of the starting material. 


OH н 
СНОН T / СНОН 
О NAD —H — О 


н 
НО O — UDP Л НО O — UDP 
OH t OH 
UDP-galactose 
NAD* 
B СНОН 
20 о 
НО 
НО O— UDP 
OH 


UDP-glucose 


b. The enzyme is called an epimerase because it converts a compound into an epimer (in this case, a C-4 
epimer). 


64. Because the compound that would react in the second step with the activated carboxylic acid group is 
excluded from the incubation mixture, the reaction between the carboxylate ion and ATP will come to 
equilibrium. 


If radioactively labeled pyrophosphate is put into the incubation mixture, ATP will become radioactive 
if the mechanism involves attack on the a-phosphorus because pyrophosphate is a reactant in the reverse 
reaction that forms ATP. 


ATP will not become radioactive if the mechanism involves attack on the 6-phosphorus because pyrophos- 
phate is not a reactant in the reverse reaction that forms ATP. (In other words, because pyrophosphate is not 
a product of the reaction, it cannot become incorporated into ATP in the reverse reaction.) 


attack on the @-phosphorus 


О оо о о о о о 
|| | | | | | | 


С + Р Р P A С P А + P. P. 
d ENT LT d КУ — и WI’ м 

Мо Вот 9 or oO Qr Мадре“ лог 
pyrophosphate 


attack on the J-phosphorus 


О о о о о о о О 
|| | d | Б и | | 


С С Р Р Р А 
= и > 
R o5 9 -O О 5-9 


P PA P А 
К^ - ДООЛ No 
ь o 


AMP 
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65. If radioactive AMP is added to the reaction mixture, the results will be opposite. If the mechanism involves 
attack on the a-phosphorus, ATP will not become radioactive, because AMP is not a reactant in the reverse 
reaction that forms ATP. If the mechanism involves attack on the 6-phosphorus, ATP will become radioac- 
tive, because AMP is a reactant in the reverse reaction that forms ATP. 


66. A sesquiterpene is synthesized from farnesyl pyrophosphate. The carbons that would be labeled in farnesyl 
pyrophosphate, if it is synthesized from acetate with а '*C-labeled carbonyl carbon, are indicated by an 
asterisk. (See Problem 36.) 


О 
| dg = „> 
Р Р 
ZINZ IN- 
043-9 0-9 
farnesyl pyrophosphate 
67. First draw the starting material (geranyl pyrophosphate) so that its structure is as similar as possible as that 
of the target molecule. 
ү F о о 
| | 
Р Р Р Р 
Jie о | | oe ле N 
oO о — обо О 


geranyl pyrophosphate 


оде - {СТ 
о-рїпепе ма t 
|| 


о-рїпепе 
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68. The mechanism for the conversion of farnesyl pyrophosphate is to eudesmol 
Uu E 
Ж EN we ES + 
+ 
Co 
а 
o= X О н,ӧ 
_ |] 
xn d о јак | So 
O- о Оо Ө 
farnesyl pyrophosphate 
OH 
e| 
Н ев 
+ 
H—B 
OH 
:В 
ОН 5 OH OH 
eudesmol HB* R g 
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Practice Test 


1. Draw a structure for each of the following: 
a. the intermediate formed when a nucleophile (RO ) attacks the y-phosphorus of ATP. 
b. ап acyl pyrophosphate. 
с. pyrophosphate. 


2. Fill in the six blanks in the following scheme: 
| / j 
C C 
ZN A м, 
RCH»CH)CH»CH; `SCoA RCH;CH;CH = CH SCoA 
(но 
О О О 
I CoASH I Ц 
Ы 7 X pa Ата“ 
CH; `$СоА ВСН.СН; "CH; `$СоА 
3. Which of the following are not citric acid cycle intermediates: fumarate, acetate, citrate? 
4. Which provide energy to the cell: anabolic reactions or catabolic reactions? 
5. What compounds are formed when proteins undergo the first stage of catabolism? 
6. What compound is formed when fatty acids undergo the second stage of catabolism? 
7. Indicate whether each of the following statements is true or false: 


a. Each molecule of FADH, forms 2.5 molecules of ATP in the fourth stage of 
catabolism. 


b. ҒАРН, is oxidized to FAD. 
с. МАР“ is oxidized to NADH. 


d. Acetyl-CoA is a citric acid cycle intermediate. 


= = == = 
поп по мм 


е. А diterpene contains 20 carbons. 
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8. Mark off the isoprene units in squalene. 


squalene 


9. Draw the mechanism for the following reaction: 


нв“ 
_ pu Д РР; pow б^ PP; + СОРР 


(OPP; = pyrophosphate) 


10. How many carbon atoms аге there in а sesquiterpene? 


Answers to Practice Test 


О 
: | " | | | | | 
a > awe с Р | 
во“ | ^o- оча | uw 67 1787 | Ge 
О о on o- o- 
FAD FADH> 
i i 
2; 
ЕСЊСЊСЊСНУ “Сод всњењен=сн“ “Сод 
di 
О 
| 
иво 
RCH;CH;CH — CH; SCoA 
| 
OH 
NAD* 
NADH, H* 
О 
| i CoASH || || 
С С 
pw + pow 2 ВСНСН;“ CH; “Сод 
ЕСН›СН» SCoA СН; SCoA 
3. acetate 
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4. catabolic reactions 
5. amino acids 
6. acetyl-CoA 
7. a. Each molecule of FADH, forms three molecules of ATP in the fourth stage of catabolism. F 
b. FADH) is oxidized to FAD. T 
c. NAD* is oxidized to NADH. F 
d. Acetyl-CoA is a citric acid cycle intermediate. F 
e. A diterpene contains 20 carbons. T 
8. 
squalene 
9. Ee" PP 
due | 
РР, PP, — > pu" |j — + AO + OPP; 
PM о + % o^ Su. Co^ Sus 
| Н HB* 
H CBS ALB 
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The Chemistry of the Nucleic Acids 


Important Terms 


anticodon 


base 


codon 


deamination 
deoxyribonucleic acid (DNA) 
deoxyribonucleotide 
dinucleotide 

double helix 

exon 

gene 


gene therapy 


genetic code 


genetic engineering 


human genome 


major groove 


minor groove 


nucleic acid 


nucleoside 


nucleotide 


oligonucleotide 


the three bases at the bottom of the middle loop in a tRNA. 


a nitrogen-containing heterocyclic compound (a purine or a pyrimidine) found 
in DNA and RNA. 


a sequence of three bases in mRNA that specifies the amino acid to be incor- 
porated into a protein. 


a hydrolysis reaction that results in the removal of ammonia. 
a polymer of deoxyribonucleotides. 

a nucleotide where the sugar component is D-2-deoxyribose. 
two nucleotides linked by a phosphodiester bond. 

the term used to describe the secondary structure of DNA. 

a stretch of bases in DNA that are a portion of a gene. 

a segment of DNA. 


a technique that inserts a synthetic gene into the DNA of an organism defective 
in that gene. 


the amino acid specified by each three-base sequence of mRNA. 


recombinant DNA technology, where DNA molecules are attached to DNA in 
a host cell and allowed to replicate. 


the total DNA of a human cell. 
the wider and deeper of the two alternating grooves in DNA. 
the narrower and more shallow of the two alternating grooves in DNA. 


a chain of five-membered ring sugars linked by phosphodiester groups 
with each sugar bearing a heterocyclic amine at the anomeric carbon in the 
P-position. The two kinds of nucleic acids are DNA and RNA. 


a heterocyclic base (purine or pyrimidine) bonded to the anomeric carbon of a 
sugar (D-ribose or D-2-deoxyribose) in the B-position. 


a nucleoside with one of its OH groups bonded to a phosphate group via an 
ester linkage. 


three to ten nucleotides linked by phosphodiester bonds. 


From Chapter 26 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright © 2014 by 


Pearson Education, Inc. All rights reserved. 
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phosphodiester 


polymerase chain reaction (PCR) 


polynucleotide 
primary structure 


pyrosequencing 


recombinant DNA 
replication 

replication fork 
restriction endonuclease 
restriction fragment 
ribonucleic acid (RNA) 
ribonucleotide 


ribosomal RNA (rRNA) 


RNA splicing 


semiconservative replication 


sense strand 


stacking interactions 


stop codon 
template strand 
transcription 


transfer RNA (tRNA) 


translation 
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a species in which two of the OH groups of phosphoric acid have been 
converted to OR groups. 


а method that amplifies segments of DNA. 
many nucleotides linked by phosphodiester bonds. 
the sequence of bases in the nucleic acid. 


an automated technique used to sequence DNA; it detects the identity of 
the base that adds to the DNA primer. 


DNA that has been incorporated into a host cell. 

the synthesis of identical copies of DNA. 

the position on DNA where replication begins. 

an enzyme that cleaves DNA at a specific base sequence. 

a fragment that is formed when DNA is cleaved by a restriction endonuclease. 
a polymer of ribonucleotides. 

a nucleotide where the sugar component is D-ribose. 


the structural component of ribosomes, the particles on which protein 
synthesis takes place. 


the step in RNA processing that cuts out nonsense bases and splices infor- 
mational pieces together. 


the mode of replication that results in a daughter molecule of DNA having 
one of the original DNA strands plus a newly synthesized strand. 


the strand in DNA that is not read during transcription; it has the same 
sequence of bases as the synthesized mRNA strand, except that the mRNA 
has Us in place of the Ts in DNA. 


van der Waals interactions between the mutually induced dipoles of 
adjacent pairs of bases in DNA. 


a codon that says “stop protein synthesis here.” 
the strand in DNA that is read during transcription. 
the synthesis of mRNA from a DNA blueprint. 


a single-stranded RNA molecule that carries an amino acid to be 
incorporated into a protein. 


the synthesis of a protein from an mRNA blueprint. 


The Chemistry of the Nucleic Acids 


Solutions to Problems 


1. The ring is protonated at its most basic position. In the case of a purine, this is the 7-position. In the next 
step, the bond between the heterocyclic base and the sugar breaks, with the anomeric carbocation being 
stabilized by the ring oxygen’s nonbonding electrons. 


NH2 NH2 NH2 
2 я \ 2 +h 2 М 
crs ork ovx 
CNN "N^ 0) “wo TN 

HO ° HO К но N^ Vx aar 
HO OH HO HO OH 


The mechanism is exactly the same for pyrimidines except that the initial protonation takes place at the 
3-position. 


18 | 
HO ps. IO 


РЕ 
HO OH 
2. a. МН» b. О 
CH 
N~ HN н 
оо AL ооо A 
Р Р О М P P P О М 
ч NOCT NS о af | SFI SAS О 
o" o O o? o? oO? 
HO HO 
dCDP ЧТР 
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с. О е. О 
N 
HN HN 
k 
P О N HoN^ см N 
| О 
o? Т] 
СУЛУУЛУ о 
аи аса 
HO 
dUMP 
HO OH 


guanosine 5'a-triphosphate 
GT 


d. О f. 
HN | N^ | 
· | GA М 
О М 
m N я A Ө 
oor О 
НО 
HO ОН 
О О ОН 
UDP \ 7 
Z N 
o o- 
adenosine 3'-monophosphate 
AMP 
3. The hydrolysis of cyclic AMP forms adenosine 5'-phosphate and adenosine 3'-phosphate. 
NH; 


A L 


-0 (од ОН ОН 


adenosine 5'-phosphate / Ee 
-0 || “ог 
О 


adenosine 3'-phosphate 
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A hydrogen bond acceptor is indicated by A; a hydrogen bond donor is indicated by D. 

The A and D designations show that the maximum number of hydrogen bonds that can form are two 
between thymine and adenine and three between cytosine and guanine. Notice that uracil and thymine 
have the same A and D designations. 


| 
ОА H3C OA D H—N N 
5 
/ 

/ мнр / нр A aan 

N N N—N sugar 
Рај д 

sugar OA sugar OA 
uracil thymine adenine 


P d 
sugar OA D H—N 
| 
А H 
cytosine guanine 


If the bases existed in the enol form, no hydrogen bonds could form between the bases unless one of the 
bases were shifted vertically. 


H 
| 
O—H D H3C O—H D D H—N Nw 
( ( X d 
/ NA / NA AN N №} 
n= n= \=n sugar 
Z Z 
sugar OH D sugar OH D 
uracil thymine adenine 
| 
N—H D D H— N 
b 
\ / 
/ МА А М \ en 
= = sugar 
N N 
rd 
sugar OH D D H—N 
| 
cytosine H guanine 
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а. 3 =—C—C—T 6-1 А АС 05 
b. guanine 


Notice that when a nucleophile attacks the phosphorus of a diester, the т bond breaks. However, when а 
nucleophile attacks the phosphorus of an anhydride, an о’ bond breaks in preference to the т bond. 


| ü | 
О О 9 
ae b 
оо 
it f^ d HE N LL HA B* 
—ö: HO—P 
B H МА ы он 
"d B m 
О ш О a 
HO | | OH 
ae i йе = 
OH OH 


parental DNA = 
first generation 
original generation 


| | second generation 
| | third generation 


НИНА i E 


Thymine and uracil differ only in that thymine has а methyl substituent that uracil does not have (thymine 
is 5-methyluracil). Because thymine and uracil both have the same groups in the same positions that can 
participate in hydrogen bonding, they will both call for the incorporation of the same purine. Because 
thymine and uracil form one hydrogen bond with guanine and two with adenine, they will both incorporate 
adenine in order to maximize hydrogen bonding. 


10. 


п. 


12. 


13. 


14. 


15. 
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Because methionine is known to be the first base incorporated into the heptapeptide, the mRNA sequence 
is read beginning at AUG, since that is the only codon that codes for methionine. 


Met-Asp-Pro-Val-Ile-Lys-His 
Met-Asp-Pro-Leu-Leu-Asn 


It does not cause protein synthesis to stop because the sequence UAA does not occur within a triplet. The 
reading frame causes the triplets to be AUU and AAA. In other words, the U is at the end of a triplet and 
the next triplet starts with AA. 


A change in the third base of a codon would be least likely to cause a mutation because the third base is 
variable for many amino acids. For example, CUU, СОС, CUA, and CUG all code for leucine. 


The sequence of bases in the template strand of DNA specifies the sequence of bases in mRNA, so the 
bases in the template strand and the bases in mRNA are complementary. Therefore, the sequence of bases 
in the sense strand of DNA is identical to the sequence of bases in mRNA, except wherever there is a U in 
mRNA, there is a T in the sense strand of DNA. 


5'-G—C—A—T—G—G—A—C—C—C—C—G—T—T— 
A—T—T—A-—A—A—C—A—C-—3' 


Met Asp Pro Val Ile Lys His 


codons AUG GAU CCU GUU AUU ААА САО 
САС CCC GUC AUC ААС CAC 
CCA GUA АПА 
CCG GUG 


anticodons 


Note that the anticodons are stated in the 5’ — 3’ direction. For example, the anticodon of AUG is stated 
as САП (not ЏАО). 


codons 5' 


anticodons 3’ 


CAU AUC AGG AAC AAU UUU AUG 
GUC GGG GAC GAU CUU  GUG 
UGG UAC UAU 
CGG САС 
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16. NH, NH О 
27 М М М 
Ux y = ai | » 22 d | X +N 
ENS ENS us 
N N N 
NH NH N оң 
adenine hypoxanthine 
O O O 
N N N 
HN N ћ HN N N О N N 
guanine xanthine 
17. Deamination involves hydrolyzing an imine linkage to a carbonyl group and ammonia, so cytosine can be 
deaminated to uracil. 
an imine linkage 
NH, NL я 
N^ HN H,O HN 
PN | Ра | aminati EN | = 
deamination ~ 
О М О М О М 
н н H 
cytosine uracil 
Thymine does not have an amino substituent on the ring, which means that it cannot form an imine and 
therefore it cannot be deaminated. 
O 
CH3 
HN | 
A N 
H 
thymine 
18. a is the only sequence that has a chance of being recognized by a restriction endonuclease because it is the 
only one that has the same sequence of bases in the 5’ — 3’ direction that the complementary strand has in 
the 5’ — 3’ direction. 
"A—C—G—C—G—T 
*T—G—C—G—C—A* 
19. a. guanosine 3' -monophosphate 


2'-deoxyadenosine 5'-monophosphate 
2 


С. 
b. cytidine 5'-diphosphate d. 2'-deoxythymidine 


20. Lys-Val-Gly-Tyr-Pro-Gly-Met- Val- Val 
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21. 5'—GAC—CAC—CAT—TCC—GGG—GTA—GCC—AAC—TTT—3' 
22. 5'—AAA—GTT—GGC—TAC—CCC—GGA—ATG—GTG—GTC—3' 
23. a. lle b. Asp c. Val d. Val 
24. The third base in each codon has some variability. 


mRNA  5'-GG(UCA or G)UC(UCA or E od Or ene or G)CA(U or C)GA(A or G)-3' 
Б 


or AG(U ог С) AG(A ог G) 


DNA 3'-CC(AGT ог C)AG(AGT or C)GC(AGT ог C)CA(AGT or C)GT(A or G)CT(T or С)-5' 
template N А J 


ог ТС(А or G) TC(T or C) 


sense 5'-GG(TCA or G)TC(TCA or G)CG(TCA or G)GT(TCA or G)CA(T ог С)СА(А or G)-3' 
or AG(T or C) AG(A or О) 


Notice that Ser and Arg are two of three amino acids that can be specified by six different codons. 


25. 
NH; 
AA N 
О T 
LL» | > о 
о о о Ke Р | | 
Е | WE! М в = о ~ 
2 К o l = 
M © МИ У о 9 
*NH, o0 9059 9-9 *NH, 
ATP + ADP 
HO OH Мн, 
| се i | 9 о 
E c C C 
HB* + -O 4 97 | Se eom $5 E “ө 
+ 
NH, ын, aye *NH; 
| H 
Е :В 
S А € 
с : | 
a = 
HN ^o + | AN | + В 
+МН. оно 
26. A segment of DNA with 18 base pairs has 36 bases. If there аге 7 cytosines, there are 7 guanines, account- 


ing for 14 bases. Therefore, 22 (36 — 14 = 22) are adenines and uracils. 


а. 11 uracils b. 7 guanines 
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27. 


28. 


29. 


30. 


31. 
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ААА” У АСС“ 
GCA CCU 
CUU UUU 
AGG AGG 
CCU UGA 
GGU AAG 
UCA GUC 
GAC UGC 
С попе С попе 
d C C A BR 
Pro-Ala-Leu-Arg 2 
mRNA CC(UCA or G)GC(UCA or G)CU(UCA or G)CG(UCA or G) 
V А J 


or UU(A or G) AG(A or G) 
DNA (sense strand) CC(TCA or G)GC(TCA or G)CT(TCA or G)CG(TCA or G) 
М A ) 


ог ТТ(А orG) AG(A or G) 


Note that because mRNA is complementary to the template strand of DNA, which is complementary to the 
sense strand, mRNA and the sense strand of DNA have the same sequence of bases (expect DNA has a T 
where RNA has a U). Also note that Leu and Arg are each specified by six codons. 


а. CC and GG с. CAandTG 


CA and TG are formed in equal amounts, since A pairs with T and C pairs with G. (The dinucleotides are 
written in the 5’ — 3’ direction. For example, part f is not a correct answer because it has A pairing with A 
and T pairing with T.) 


У САЗ 

»GTs 
AZT is incorporated into DNA when the 3'-OH group of the last nucleotide incorporated into the growing 
chain of DNA attacks the a-phosphorus of AZT-triphosphate instead of a normal nucleotide. When AZT 


is thus incorporated into DNA, DNA synthesis stops because AZT does not have a 3'-OH group that can 
react with another nucleotide triphosphate. 


UUU = phenylalanine UUG = leucine GGU = glycine 
GGG = glycine UGU = cysteine GUG = valine 
GUU = valine UGG = tryptophan 


32. 


33. 


34. 
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The number of different possible codons using four nucleotides is (4)", where п is the number of letters 
(nucleotides) in the code. 


for a two-letter code: (4)? 16 
for a three-letter code: (4)? = 64 
for a four-letter code: (4)* = 256 


Because there are 20 amino acids that must be specified, a two-letter code would not provide enough 
codons. 

A three-letter code provides enough codes for all the amino acids and also provides the necessary stop 
codons. 

A four-letter code provides many more codes than would be needed. 


In the first step of the reaction, the imidazole ring of one histidine acts as a general-base catalyst, removing 
a proton from the 2'-ОН group to make it a better nucleophile. The imidazole ring of the other histidine 
acts as a general-acid catalyst, protonating the leaving group to make it a weaker base and therefore a bet- 
ter leaving group. In the second step of the reaction, the roles of the two imidazole rings are reversed. 


о о-н м оо 
| == “нь _ Ge 
= О | 
NH 
O О | 
} ; HTN A uis 


о он оо 
| \/ 
AE H o PO 
Е О 
bs Qr Ый О pi 
— он м 
y v f His | МЛ М2 CHis 
о о н он 
na : 
3D Lk 
ee OH 


The normal and mutant peptides would have the following base sequence in their mRNA: 


normal: CA(AG) UA(UC) GG(UCAG) AC(UCAG) CG(UCAG) UA(UC) GU(UCAG) 
mutant: CA(AG) UC(UCAG) GA(AG) CC(UCGA) GG(UCGA) AC(UCAG) 


a. The middle nucleotide (А) in the second triplet was deleted. This means that an A was deleted in the 
sense strand of DNA or a T was deleted in the template strand of DNA. 
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b. The mRNA for the mutant peptide has an unused 3'-terminal two-letter code, U((UCAG). The last amino 
acid in the octapeptide of the normal fragment is leucine, so its last triplet is UU(AG) or CU(UCAG). 


This means that the triplet for the last amino acid in the mutant is U(UCAG)(UC) and that the last 
amino acid in the mutant is one of the following: Phe, Ser, Tyr, or Cys. 


35. If deamination does not occur, the mRNA sequence will be: 


AUG-UCG-CUA-AUC, which will code for the following tetrapeptide: 
Met-Ser-Leu-Ile 


Deamination of a cytosine results in a uracil. 
If the cytosines are deaminated, the mRNA sequence will be: 


AUG-UUG-UUA-AUU, which will code for the following tetrapeptide: 
Met-Leu-Leu-Ile 


The only cytosine that will change the amino acid that is incorporated into the peptide is the first one. 
Therefore, this is the cytosine that could cause the most damage to an organism if it were deaminated. 


36. 5-Bromouracil is incorporated into DNA in place of thymine because of their similar size. Thymine pairs 
with adenine via two hydrogen bonds. 5-Bromouracil exists primarily in the enol form. The enol cannot 
form any hydrogen bonds with adenine, but it can form two hydrogen bonds with guanine. Therefore, 
5-bromouracil pairs with guanine. Because 5-bromouracil causes guanine to be incorporated instead of 
adenine into newly synthesized DNA strands, it causes mutations. 


H 
| 
H3C O----H—N N Br Ох=Н ===> О 
D D 
/ N 
| wn’ YEN | Мону YEN 
N N N—N sugar N = 4 —N sugar 
sugar О sugar OH H-N 
| 
thymine adenine 5-bromouracil H guanine 
37. In an acidic environment, nitrite ion is protonated to nitrous acid. The nitrosonium ion is formed from ni- 
trous acid. 
на НСІ Н + 
Na’ "о–—Мм=0 = НО—М=О = HO7N—O === HO + N—O 
sodium nitrite + cr + Cr nitrosonium 


10n 


The nitrosonium ion reacts with a primary amino group to form a diazonium ion, which can be displaced 


by water. 
\ 
NH; ш ОН О 
17 N =0 Y) H20 Y) tautomerization J. | 
О | О | O | O N 


cytosine uracil 
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38. 


39. 


40. 
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It requires energy to break the hydrogen bonds that hold the two chains together, so an enormous amount 
of energy would be required to unravel the chain completely. However, as the new nucleotides that are in- 
corporated into the growing chain form hydrogen bonds with the parent chain, energy is released, and this 
energy can be used to unwind the next part of the double helix. 


Са" decreases the pK, of water, forming calcium-bound hydroxide ion, which is a better nucleophile than 
water. The positively charged nitrogen (of the guanidinium group) of arginine stabilizes the negatively 
charged oxygen formed when the P—O т bond of the diester breaks, and therefore makes it easier to 
form. Glutamic acid protonates the OR oxygen, thereby making it a weaker base and therefore a better 
leaving group when the P—O т bond reforms. 


О 
+ 8- | NH 
Ca---OH ~O—P=O || 2 
О | C 
| О 7N 
Glu—C— OH | HN | NH— 


The ribosome, the particle on which protein synthesis occurs, has a binding site for the growing peptide 
chain and a binding site for the next amino acid to be incorporated into the chain. 


О О 
H + 
в. N _ H4N _ 
О R R 


peptide binding site amino acid binding site 
In protein synthesis, all peptide bonds are formed by the reaction of an amino acid with a peptide, except 
formation of the first peptide bond, which has to be formed by the reaction of two amino acids. Therefore, 
for the synthesis of the first peptide bond, the first (N-terminal) amino acid has to have a peptide bond that 
will fit into the peptide binding site. 


The formyl group of N-formylmethionine will provide the peptide group that will be recognized by the 
peptide binding site, and the second amino acid will be bound in the amino acid binding site. 


O 


N-formylmethionine 
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Practice Test 


1. Is the following compound dTMP, UMP, dUMP, or dUTP? 


HO 


2. If one of the strands of DNA has the following sequence of bases running in the 5' — 3' direction, what is 
the sequence of bases in the complementary strand? 


S'—A-—C—T—FT—G-C—A-—I—3' 


3. What base is closest to the 5'-end in the complementary strand? 

4. Indicate whether each of the following statements is true or false: 
a. Guanine and cytosine are purines. T Е 
b. The 3'-OH group allows RNA to be easily cleaved. T F 
c. The number of As in DNA is equal to the number of Ts. T Е 
d. rRNA carries the amino acid that will be incorporated into а protein. T F 
e. The template strand of DNA is the one transcribed to form RNA. T F 
f. The 5'-епа of DNA has а free OH group. T F 
g. The synthesis of proteins from an RNA blueprint is called transcription. T F 
h. A nucleotide consists of a base and a sugar. T F 
1. ВМА contains Ts, and DNA contains Us. T F 

5. Which of the following base sequences would most likely be recognized by a restriction endonuclease? 


1. АСОСОТ 3. ACGGCA 5. ACATCGT 
2. ACGGGT 4. ACACGT 6. ССААСС 
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What would be the sequence of bases in the mRNA obtained from the following segment of DNA? 


sense strand 
5' —G-C-A-T-G-G-A-C-C-C- 
3' —C-G-T-A-C-C-T-G-G-G-G-C-A —5' 
template strand 


T 
P 
4 
| 


Why is NADPH needed in order to convert uridines into thymidines? 
Which of the following pairs of dinucleotides will occur in equal amounts in DNA? 
(Nucleotides are always written in the 5’ — 3’ direction.) 


СА and СТ CG and AT 
CG and GG CA and TG 


Answers to Practice Test 


dUMP 


5'—A—T—G—C—A—A—G—T—3' 


A 

a. Guanine and cytosine are purines. F 
b. The 3'-OH group allows RNA to be easily cleaved. E 
c. The number of A's in DNA is equal to the number of T's. T 
d. rRNA carries the amino acid that will be incorporated into a protein. F 
e. The template strand of DNA is the one transcribed to form RNA. T 
f. The 5'-епа of DNA has a free OH group. F 
g. The synthesis of proteins from an RNA blueprint is called transcription. F 
h. A nucleotide consists of a base and a sugar. F 
i. RNA contains T’s, and DNA contains U’s. F 
only #1 


5'—G—C—A—U—G—G—A—C—C—C—C—G—U—3' 


In the process of converting uridines to thymidines, tetrahydrofolate is oxidized to dihydrofolate. NADPH 
is used to reduce dihydrofolate back to tetrahydrofolate. 


CA and TG 
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Important Terms 


addition polymer 
(chain-growth polymer) 


alpha olefin 
alternating copolymer 


anionic polymerization 


aramide 


atactic polymer 


biodegradable polymer 
biopolymer 


block copolymer 


cationic polymerization 


chain-growth polymer 
chain transfer 
condensation polymer 
(step-growth polymer) 
conducting polymer 
copolymer 
cross-linking 
crystallites 


elastomer 
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a polymer that is made by adding monomers to the growing end of a chain. 


a monosubstituted ethylene. 
a copolymer in which two monomers alternate. 


a chain-growth polymerization where the initiator is a nucleophile; the propaga- 
tion site, therefore, is an anion. 


an aromatic polyamide. 


a polymer in which the substituents are randomly oriented on the extended carbon 
chain. 


a polymer that can be degraded by microorganisms. 
a polymer that is synthesized in nature. 


a copolymer in which there are blocks of each kind of monomer within the poly- 
mer chain. 


a chain-growth polymerization where the initiator is an electrophile; the propaga- 
tion site, therefore, is a cation. 


see addition polymer. 


a growing polymer chain reacts with a molecule XY in a manner that allows X» to 
terminate the chain, leaving behind Y- to initiate a new chain. 


apolymerthatis made by combining two molecules while removing a small molecule 
(usually water or an alcohol). 


a polymer that can conduct electricity down its backbone. 

a polymer formed using two or more different monomers. 
connecting polymer chains by bond formation. 

regions of a polymer in which the chains are highly ordered. 


a polymer that can stretch and then revert back to its original shape. 


epoxy resin 


graft copolymer 


head-to-tail addition 


homopolymer 


isotactic polymer 


living polymer 


materials science 
monomer 


oriented polymer 


plasticizer 


polyamide 
polycarbonate 
polyester 
polymer 


polymer chemistry 


polymerization 
polyurethane 


propagating site 


radical polymerization 


random copolymer 


ring-opening 
polymerization 
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а resin that is formed by mixing a low molecular weight prepolymer with a com- 
pound that forms a cross-linked polymer. 


a copolymer that contains branches of a polymer of one monomer grafted onto the 
backbone of a polymer made from another monomer. 


the head of one molecule is added to the tail of another molecule. 
a polymer that contains only one kind of monomer. 


a polymer in which all the substituents are on the same side of the fully extended 
carbon chain. 


a nonterminated chain-growth polymer that remains active. Therefore, the poly- 
merization reaction can continue upon addition of more monomer. 


the science of creating new materials that will have practical applications. 
a repeating unit in a polymer. 


a polymer obtained by stretching out polymer chains and putting them back 
together in a parallel fashion. 


an organic molecule that dissolves in a polymer and allows the polymer chains to 
slide by each other. 


a polymer in which monomers are connected by amide groups. 

a step-growth polymer in which the monomers are connected by carbonate groups. 
a polymer in which monomers are connected by ester groups. 

a large molecule made by linking monomers together. 


the field of chemistry that deals with synthetic polymers; part of the larger disci- 
pline known as materials science. 


the process of linking up monomers to form a polymer. 
a polymer in which monomers are connected by urethane groups. 
the reactive end of a chain-growth polymer. 


a chain-growth polymerization where the initiator is a radical; the propagation site, 
therefore, is a radical. 


a copolymer with a random distribution of monomers. 


a chain-growth polymerization that involves opening the ring of the monomer. 
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step-growth polymer 
(condensation polymer) 


syndiotactic polymer 


synthetic polymer 


thermoplastic polymer 


thermosetting polymers 


urethane 
(carbamate) 


vinyl polymer 
vulcanization 


Ziegler-Natta catalyst 
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a polymer that is made by combining two molecules while removing a small molecule 
(usually water or an alcohol). 


a polymer in which the substituents regularly alternate on both sides of the fully 
extended carbon chain. 


a polymer that is not synthesized in nature. 


a polymer that has both ordered crystalline regions and amorphous non-crystalline 
regions. 


cross-linked polymers that, after they are hardened, cannot be re-melted by heating. 


a compound with a carbonyl group that is both an amide and an ester. 


О 
| 
RO” “МНЕ 


a polymer in which the monomer is ethylene or a substituted ethylene. 
increasing the flexibility of rubber by heating it with sulfur. 


an aluminum-titanium initiator that controls the stereochemistry of a polymer. 
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Solutions to Problems 


1. а. СН›=СНС1 b. то. с. СЕ,==СЕ, 
on 
ОСН; 
2. Poly(vinyl chloride) would be more apt to contain head-to-head linkages, because a chloro substituent is 


less able (compared with a phenyl substituent) to stabilize the growing end of the polymer chain by elec- 
tron delocalization. 


3. — CHCH — CHCH;CH;CH — CHCH;CHCH;CH;CHCH;CH — 


од ооо OO 


4. но\ Мон 2 НО: 


Cl Cl 


a, 
HO—CH,CH! + „ > HO—CH;CHCH;CH- 
| 


| | 
CI CI а а 


pam А 


HO—CH,CHCH,CH! + CH=CH > HO—CH;CHCH;CHCH;CH: 
| 


| | | | | 
а а el CL а за 


5: Because branching increases the flexibility of the polymer, beach balls are made from more highly 
branched polyethylene. 


6. 
bn) 


СН» 


© 


CH, 


— СЊСНСЊСНСЊССЊСНСЊСН — 


>“ 


LA 
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Decreasing ability to undergo cationic polymerization is in the same order as decreasing stability of the 
carbocation intermediate. (Electron donation increases the stability of the carbocation.) 


CH=CH CH) = CH CH) = CH 
> > 
ОСН; СН; МО» 
donates electrons withdraws electrons 
by resonance by resonance 


| 
CH,?—CH-——OCH; > CH,—CHCH; > СЊњ=СН—ССНза 


donates electrons withdraws electrons 
by resonance by resonance 
CH= CCH; Сњ==<СН 


A tertiary benzylic cation is more stable 
than a secondary benzylic cation. 
> 


Decreasing ability to undergo anionic polymerization is in the same order as decreasing stability of the 
carbanion intermediate. (Electron withdrawal increases the stability of the carbanion.) 


a. CH, =CH CH) = CH CH5— CH 
> > 
МО» СН» ОСН» 
withdraws electrons donates electrons 
by resonance by resonance 


b. CH?—CHC-cN > Сњ= сна > CH 2—CHCH; 


withdraws electrons withdraws 
by resonance electrons inductively 


Methyl methacrylate does not undergo cationic polymerization because the carbocation propagating site 
would be very unstable, since the ester group is strongly electron withdrawing. 


i e 


| 
c=0 


a strongly electron-withdrawing group 


propagating site 
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10. In anionic polymerization, nucleophilic attack occurs at the less-substituted carbon because it is less 
sterically hindered; in cationic polymerization, nucleophilic attack occurs at the more-substituted carbon 
because the ring opens to give the more stable partial carbocation. 


О 
ЛР 
p 


position of nucleophilic attack 


in anionic polymerization 
Је 
— RO— 04 


CH; 


CH; 
CH; 
CH, CH 
[. [^ Са em 
RO — CH;COCH;CÜ: L 
| | CH; 
CH, CH; 


CH; CH; 
+ А х 
HO: CH, О: сн; 
“СН; CH 
cu, СНз М 
| f COE D CH; 
HOCH,C—O 
| СН; 
СН; 
12. а СЊњ=<ССНа + ВЕ; + ЊО 
СН; 
Ь. CH,= CH t ВЕ; t Но 


position of nucleophilic attack 
in cationic polymerization 
CH3 


СНз СН; 


== КО — СЊСОСЊСО 


| 
СНз СН; 


CH; СН; CH; 


| 
—- RO—CH,COCH,COCH,CO- 


CH. СН; CH; 


сн, CH 


| E СН» 
— HOCH;C—Ó 
| 


CH; 


CH, cH, © 

| | CH3 
HOCH,COCH,C—6 

| | 

CH, CH; 
О 


с. /'N + СНО“ 
d. CH=CH + Buli 
СОСН» 


| 
О 
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3,3-Dimethyloxacyclobutane undergoes cationic polymerization by the following mechanism: 


13. 
+ СН» 
с + | 
ъс] С 20 — сњосн,он 
H3C | 
Hc —" CH; 
0: — Hc р 
Шс б: 
у, HaC 
H3C Ne 
HaC 
ү T 
Р 
О — СЊССЊОСЊССЊОН 
ње. | C] | 
СН» СН» 
pe H3C SS 
O: 
НС 
CH; CH; CH; 
+ | H3C 
О — СЊССЊОСЊССЊОСЊССНЊОН 
H3C | 
wel | CH; CH; CH; 
14. 22 P d P d 


— СНСН — CH?CH — а m D — СНСН — CHCH — 


15. 
LoT T T T Td 
CH; CH; CH; Н, CH; CH; 
|| || 
16. а. —МНСН›СН›СН›СМНСН›СН›СН›С— 
1 | 
р. —NH(CH34NHCCH;CH;CNH(CH;4JNHCCH5CH5C — 
1 i 1 
17. —C(CH3)4C [- NH(CH2)6NH — C(CH3)4C -f NH(CH;)eNH — 


| Н,504 


|| " " 
n HOC(CH>)4COH + п H4N(CHo NH; 
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О О 07 
18. NH Qo N: NH 


NH 
19. They hydrolyze to give salts of dicarboxylic acids and diols. 
О 
|| | || | 
E C- OCH, CH,0—C C 1- OCH, CH50 — 
Kodel 
NaOH 
О О 


О О О О 
Il # МО | | | 
С С [оснсно—С C+-OCH,CH,O— 


Dacron 


(мон 


О 
| | 
n Ма“ “ОС CO-Na* + п HOCH;CH;OH 
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СН» 
О Св № 
O C OH 
| ч сњ Сб 
СН» 
СН» О СН» 
| А a | 
O i OCH,CH—CH) HO T OH + СГ 
СН» ыз, CH3 


—H* 


Фу 


СН» E 


-2H* 


CH; CH; 
IN. SN | Р. 
СН» С ОСЊСНСНЈО | OCH) 
| 
OH СН; 
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vi d т? 09 
эй. — У У жнакн КУК pron 


CH; OH CH; 


n 


HjNCH;CH;NHCH;CH;NH, HoNCH;CH;NHCE;CH;NB, 


vi i ii A 
БЕ ocr уу 
CH; он |, CH; 


-AH* 


| үн 
NHCH;CHCH | ОСН»СНСН» | ОСЊСНСЊАН 
| | | 
ОН CH; OH a CH; OH 


CH, CH; 
CH) CH, 
NH NH 

СН» CH2 
CH CH, 


2 үз |" 
и - %- T 202 ОСН»СНСН» T OCH;CHCH;NH 
| | 
OH СН» OH n СН» OH 
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21. The polymer is stiffer because glycerol cross-links the polymer chains. 
The polymer chains | | | 
о " —HN NH — C — OCH;CH50 — C МН NH— 
CH CH 
CH; | > CH; | 
— МН аала ЊЕ је = 
О О О 
22. Formation of a protonated imine between formaldehyde and one amino group, followed by reaction with a 


second amino group, accounts for formation of the linkage that holds the monomers together. 


.. Beas sE oe 
HN N МН» mnes HN N toa, HN N МН, 
27 formation 27 27 
Ed т — Bd т a yY 
Na, UN (Occurs in Nx UN Na, UN 
Y several steps) yY Y 
NH3 NH) NH2 


HN N NHCH)NH N NH) 
І c 


N Y N 
NH, NH) 


a dimer of Melmac 
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LON 
њс=0О H-—B* 
сон | сон ( >в :ÓH 
23 ^.Н CH,OH 
нв» 
В: | 
:бн ) +ОН “OH OH OH 
H 5 C + 
CH; ^ „СН CH;--0H 
OH OH + нв 


Bakelite 


24. 
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25. а. —CH;CHCH;CHCH;CH —  chain-growth polymer 
| | | 
F F F 


b. —CH»CHCH,CHCH,CH—  chain-growth polymer 
| | | 


COH СОН СОН 


п 

€. —O(CH34CO(CH;jCO(CH;).C— step-growth polymer 
1 1 TN 

d. — NH(CH2)s;NHC(CH>);CNH(CH>);NHC(CH2)s;C——  step-growth polymer 

| | | | 

e. —OCNH NHCOCH;CH;OCNH МНСО—  step-growth polymer 

СН» CH; 
26. а. — CH;9CH;OCH;CHoN N— 


| пе / 
b. - %- OCH;CH;CH;O - \- N=CHCH=N— 
ев 


CH3 
| 
27. a. СЊњ=СНСЊСНза e. CH,—CCH-—CH, 
О 
О | 
b. AN f. HO(CHjCOH 
CH; 
jf \ 
с. СН›=СН N g. CH,—CCH; 
d. os Y- 50,С1 + Н»М(СН»)6МН» 
: О О 
а, b, с, e, and g аге chain-growth polymers. || || 
ћ. НОС СОН + НОСЊСЊОН 
d, f, and h are step-growth polymers. 
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29. 


Synthetic Polymers 


Whether a polymer is isotactic, syndiotactic, or atactic depends on whether the substituents are all on 
one side of the carbon chain, alternate on both sides of the chain, or are random with respect to the chain. 
Because a polymer of isobutylene has two identical substituents on each carbon in the chain, different 
configurations are not possible. 


CH; CH; CH; CH; 


MM | 

— CH,CCH,CCH,CCH,;C— 
И Eo 
CH; СН; СН; СН; 


polymer of isobutylene 


a. E таи ока a ок 
СН» СН» СН» CH; 
CH3 СН» СН; СН; 


| | | | 
b. a сн =: сн 


ndi он Снан: снае 


OOOC 


c. Chae ОН Оно ICs 
COCH, COCH, COCH; ros 


| | ___| 
О О О 


d. —CH;CH — CH;CH — CH?CH — CH5CH — 


| | | | 
OCH, OCH; OCH; OCH, 
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33. 
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Synthetic Polymers 


a. Because it is a polyamide (and not a polyester), it is a nylon. 


Il 
b. «w-( ыы and НОС(СН›%СОН 


A copolymer is composed of more than one kind of monomer. Because the initially formed carbocation 
can rearrange, two different monomers are involved in formation of the polymer. 


СН; CES 
+ | 1,2-methyl shift + 
— CH;CHCCH; ——— —- — —CH3CHCCH; 
| 
CH; CH; 
ипгеатт: anged monomer rearranged monomer 


The polymer in the flask that contained a high molecular weight polymer and little material of intermediate 
molecular weight was formed by a chain-growth mechanism, whereas the polymer in the flask that con- 
tained mainly material of intermediate molecular weight was formed by a step-growth mechanism. 


In a chain-growth mechanism, monomers are added to the growing end of a chain. This means that at any 
one time there will be polymeric chains and monomers. 


Step-growth polymerization is not a chain reaction; any two monomers can react. Therefore, high molecu- 
lar weight material will not be formed until the end of the reaction when pieces of intermediate molecular 
weight can combine. 


а. Vinyl alcohol is unstable; it tautomerizes to acetaldehyde. 


OH | 


| tautomerization 


CH;— CH ——- CH3CH 
vinyl alchol acetaldehyde 
b. It is not a true polyester. It has ester groups as substituents on the backbone of the chain so it does have 


“polyester” groups, but it does not have ester groups within the backbone of the polymer chain. A true 
polyester has ester groups within the backbone of the polymer chain. 


Synthetic Polymers 


Each of the following five carbocations can add the growing end of the polymer chain. 


34. 
1,2-hydride 1,2-hydride ү 
shift + shift 
— CHCH ——— — CHCH)CH | ————— = СН,СН›СН›С + 
(в (н CH; 
Lem CH; 
СН; 1,2-methyl 
shift 
CH; 1,2-hydride CH; 
m" shift | 
— CH,CH,CHCH = CH2CH2CCH2CH3 
+ 
CH; 
35. Because 1,4-divinylbenzene has substituents on both ends of the benzene ring that can engage in polymer- 


ization, the polymer chains can become cross-linked, which increases the rigidity of the polymer. 


CH =CH) 


1,4-divinylbenzene 


CH=CH) 


CH — CH, — CH — СН — CH — CH, — CH — CH — CH 


«~ cross-link 


СН СН, = CH—CH; 


СН — СН — CH — CH, — CH — СН; CH 
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36. The presence of three OH groups in glycerol allows for extensive cross-linking during polymerization. 
Glyptal gets its strength from this cross-linking. 


О О 
НО— | - %- | —OH + НОСЊСНСЊОН 
bs 
terephthalic acid glycerol 
C—O 
О О О О | О 
— а - \- ИРЕНЕ. - \- ы гө. — 
0 
б=о о 
Z боснуснсн,о = 
~ | ос — 
О 
C=O 
O с=0 
CH; О О | О 
снов у ено = 
CH3 
О 
C=O 
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37. The five-membered ring and the four-membered ring react to form the species that will polymerize to form 
the alternating copolymer. 


O 
| 
О 
| Ne eue So 
x E \ 
ah dit м” “кл - 
У UQ 45 
О О О 
О 
| | 
o CH o ~o 
|| | ur 
dui Si. о eL ie PULL O 
б | 
О 
| | 
i D | 
о а а 
+ | h 
9 | 
38. Both compounds can form esters via intramolecular or intermolecular reactions. The product of the 


intramolecular reaction is a lactone; the intermolecular reaction leads to a polymer. 


5-Hydroxypentanoic acid reacts intramolecularly to form a six-membered-ring lactone, whereas 
6-hydroxyhexanoic acid reacts intramolecularly to form a seven-membered-ring lactone. 


O 
ее и 


5-hydroxypentanoic acid 


O 
HO о = 
OH 


О 
or 
O 
O 
6-hydroxyhexanoic acid 


The compound that forms the most polymer will be the one that forms the least lactone because the two 
reactions compete with one another. 


The six-membered-ring lactone is more stable and therefore has a more stable transition state for its forma- 
tion, compared to a seven-membered-ring lactone. Because it is easier for 5-hydroxypentanoic acid to form 
the six-membered-ring lactone than for 6-hydroxyhexanoic acid to form the seven-membered-ring lactone, 
6-hydroxyhexanoic acid will form more polymer. 
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39. Rubber contains cis double bonds. Ozone (Оз), which is present in the air, oxidizes double bonds to саг- 
bonyl groups, which destroys the polymer chain. Polyethylene does not contain double bonds, so it is not 
air-oxidized. 


4. — cuc - cao CH,—CH-CH—O 
acrolein repeating unit 
cn бн т 5 
ЈИ ЈИ 
О О 
acrolein repeating unit 
41. The plasticizer that keeps vinyl soft and pliable can vaporize over time, causing the polymer to become 


brittle. For this reason, high boiling materials are preferred as plasticizers over low boiling materials. 


42. a. Because the negative charge on the propagation site can be delocalized onto the carbonyl oxygen, the 
polymer is best prepared by anionic polymerization. 


CH; СН; 
(CS сњ сн Don uo снн 
CH4CH;CH5CH, +14 H 6007 ү COO" 
О О 
227 
> 
/ МО» NO; 
CH; CH; CH; CH; 
— CH,CHCH;CHCH;CHCH;CH Wo" еп не pd ca 
C—O соо- C=O Boos ч б i coo- 
О О 
27 27 
> 
NO; NO; 
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b. The carboxy] substituent is in position to remove a proton from water, making water a better nucleophile. 
СН» СН» 
— CH?CHCH;?CHCH;CHCH5;CH — 


Í N 
О 07 20:01 
(x 


У 
27 


| 
C—O,CH, C=O COO 
J 


м 
МО» МО; 
43. Hydrolysis converts the ester substituents into alcohol substituents, which can react with ethylene oxide 


to graft a polymer of ethylene oxide onto the backbone of the alternating copolymer of styrene and vinyl 
acetate. 


= и NÉ 


О О О 
о=б Мос ~ot 
бн, бн, eu, 
на! | но 


— i) LM EL adic шй 
| 


| 
OH OH OH 


ethylene oxide 


— CH?CHCH?CHCH?CHCH?CHCH?CHCH?CHCH, — 


0 О O 
CH, CH, CH, 
СН» СН» CH5 
O О O 
СН» СН» CH» 
CH, CH, CH, 
O O O 
CH, CH, CH, 
СН» СН» CH» 
O О O 
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44. The desired polymer is an alternating copolymer of ethylene and 1,2-dibromoethylene. 
CH=CH, н == i 
Br Вг 
H H H H 
45 i bac 6 
а. HO=C O=C HO— CH,— 0 =C О=< 
Ӯ, Су RJA U 
H H H H 
H 
OMM a 
HO — CH,— O— CH; О =C=—-:0 —C 
U S 
H H 
H 


+ / 
HO — CH,— 0— CH,— 0 — CH; o= 
H 


HO — CH = O— СН = O— СН = O— СН — О — CH2 


Delrin 


b. Delrin is a chain-growth polymer because it is made by adding monomers to the end of a growing 
chain. 


872 


Pericyclic Reactions 


Important Terms 


antarafacial bond in a pericyclic reaction, where formation and/or cleavage of two o bonds occurs 
formation on opposite sides of the т system of the reactant. 

antarafacial a rearrangement where the migrating group moves to the opposite face of the п 
rearrangement system. 

antibonding 7 molecular a molecular orbital that results when two parallel atomic orbitals with opposite 
orbital phases interact. Electrons in an antibonding orbital decrease bond strength. 
antisymmetric molecular a molecular orbital in which the left half is not a mirror image of the right 
orbital half but would be if one half of the MO were turned upside down. 

bonding 7 molecular a molecular orbital that results when two parallel atomic orbitals with the same 
orbital phase interact. Electrons in a bonding orbital increase bond strength. 

Claisen rearrangement а [3,3] sigmatropic rearrangement of an allyl vinyl ether. 

conrotatory ring closure a ring closure that achieves head-to-head overlap of p orbitals by rotating the 


orbitals in the same direction. 


conservation of orbital a theory that explains the relationship between the structure and stereochemistry 
symmetry theory of the reactant, the conditions under which a pericyclic reaction takes place, and 
the stereochemistry of the product. 


Cope rearrangement a [3,3] sigmatropic rearrangement of a 1,5-diene. 

cycloaddition reaction a reaction in which two zr-bond-containing molecules react to form a cyclic 
compound. 

disrotatory ring closure a ring closure that achieves head-to-head overlap of p orbitals by rotating the 


orbitals in opposite directions. 


electrocyclic reaction an intramolecular reaction in which a new с bond is formed between the ends of a 
conjugated system. 


excited state a description of which orbitals the electrons of an atom or molecule occupy when 
an electron in the ground state has been moved to a higher energy orbital. 


frontier orbital analysis an analysis that determines the outcome of a pericyclic reaction using frontier 
orbitals. 

frontier orbitals the HOMO and the LUMO of the two reacting species in a pericyclic reaction. 

frontier orbital theory a theory that, like the conservation of orbital symmetry, explains the relationship 


between reactant, product, and reaction conditions in a pericyclic reaction. 


From Chapter 28 of Study Guide and Solutions Manual for Organic Chemistry, Seventh Edition. Paula Yurkanis Bruice. Copyright O 2014 by 
Pearson Education, Inc. АП rights reserved. 
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ground state 


highest occupied 


molecular orbital (HOMO) 


linear combination of 
atomic orbitals (LCAO) 


lowest unoccupied 


molecular orbital (LUMO) 


molecular orbital (MO) 
theory 


pericyclic reaction 
photochemical reaction 
polar reaction 


radical reaction 


selection rules 


sigmatropic 
rearrangement 


suprafacial bond 
formation 


suprafacial 
rearrangement 


symmetric molecular 
orbital 


symmetry-allowed 
pathway 


symmetry-forbidden 
pathway 


thermal reaction 


Woodward-Hoffmann 
rules 
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a description of which orbitals the electrons of an atom or molecule occupy when 
they are all in their lowest energy orbitals. 


the molecular orbital of highest energy that contains an electron. 

the combination of atomic orbitals to produce a molecular orbital. 

the molecular orbital of lowest energy that does not contain an electron. 

a theory that describes a model in which the electrons occupy orbitals as they 
do in atoms but with the orbitals extending over the entire molecule. 

a concerted reaction that occurs as a result of a cyclic reorganization of electrons. 
a reaction that takes place when a reactant absorbs light. 


the reaction between a nucleophile and an electrophile. 


a reaction in which a new bond is formed using one electron from one reactant and 
one electron from another reactant. 


the rules that determine the outcome of a pericyclic reaction. 


a reaction in which a с bond is broken in the reactant, a new с bond is formed 
in the product, and the т bonds rearrange. 


in a pericyclic reaction, where formation and/or cleavage of two o bonds occurs 
on the same side of the 7 system of the reactant. 


a rearrangement where the migrating group remains on the same face of the 
т system. 

a molecular orbital in which the left half is a mirror image of the right half. 

a pathway that leads to overlap of in-phase orbitals. 


a pathway that leads to overlap of out-of-phase orbitals. 


a reaction that takes place without the reactant having to absorb light. 


a series of selection rules for pericyclic reactions. 


Pericyclic Reactions 


Solutions to Problems 


1. a. electrocyclic reaction c. cycloaddition reaction 
b. sigmatropic rearrangement d. cycloaddition reaction 

2. a. bonding orbitals = ұу, Y2, фу; antibonding orbitals = Wy, Ys, We 
b. ground-state HOMO = уз; ground-state LUMO = у. 


с. excited-state HOMO = уд; excited-state LUMO = yis 
symmetric orbitals = y, Y3, Ys; antisymmetric orbitals = Wo, Y4, We 
e. The HOMO and LUMO have opposite symmetries. 


= 


3. а. Eight m molecular orbitals b. у е. Seven nodes (There is also a node that passes through 
the nuclei, that is, through the centers of the p orbitals.) 


4. a. 1,3-Pentadiene has two conjugated п bonds, so it has the same т molecular orbital description as 
1,3-butadiene, a compound that also has two conjugated zr bonds. 


b. The т bonds in 1,4-pentadiene are isolated, so its 7 molecular orbital description is the same as ethene, 
a compound with an isolated т bond. 


с. 1,3,5-Heptatriene has three conjugated т bonds, so it has the same 7 molecular orbital description as 
1,3,5-hexatriene, a compound that also has three conjugated т bonds. 


d. 1,3,5,8-Nonatetraene has three conjugated 7 bonds and an isolated т bond. 


5. a. 2,4,0r 6 conjugated double bonds 3, 5, or 7 conjugated double bonds 


b. Under thermal conditions, electrocyclic ring closure involves the HOMO of the polyene (a compound 
with several double bonds). If the polyene has an even number of double bonds, conrotatory ring clo- 
sure will result in in-phase overlap of the terminal p orbitals in the HOMO. If the polyene has an odd 
number of double bonds, disrotatory ring closure will result in in-phase overlap of the terminal p orbit- 
als in the HOMO. 


Under photochemical conditions, electrocyclic ring closure involves the LUMO of the polyene, which 
will have the opposite symmetry of the HOMO and so will require the opposite mode of ring closure to 
that seen under thermal conditions. 


6. a. (2E,4Z,6Z,8E)-2,4,6,8-Decatetraene has an even number of conjugated т bonds (4). Therefore, under 
thermal conditions, ring closure will be conrotatory. 


b. The substituents point in opposite directions, and conrotatory ring closure of such substituents will 
cause them to be trans in the ring-closed product. 
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c. Under photochemical conditions, a compound with four conjugated 7r bonds will undergo disrotatory 
ring closure. 


d. Because ring closure is disrotatory and the substituents point in opposite directions, the product will 
have the cis configuration. 


T: a. correct b. correct с. correct 
8. 1. a. conrotatory b. trans 2. а. disrotatory b. cis 
9. The reaction of maleic anhydride with 1,3-butadiene involves three 7r bonds in the reacting system, and 


such a reaction under thermal conditions involves suprafacial ring closure. 


O 
ЖА 
О 
SS 
1,3-butadiene O 

The reaction of maleic anhydride with ethylene involves two т bonds in the reacting system, and such 


a reaction under thermal conditions involves antarafacial ring closure, which cannot occur with a four- 
membered ring. 


О 
| о 
ethene 
O 
10. Solved in the text. 
11. Because we are dealing with formation of a small ring, ring closure will have to be suprafacial. Under pho- 


tochemical conditions, suprafacial ring closure requires an even number of 7 bonds in the reacting system. 
Thus, a concerted reaction will occur but it will use only one of the 7r bonds of 1,3-butadiene. 


О О 
CH=CH 
CH;—CH—CH T 
ME —— 
CH, 
12. а. 1. [1,7] sigmatropic rearrangement 3. [5,5] sigmatropic rearrangement 


2. [1,5] sigmatropic rearrangement 4. [3,3] sigmatropic rearrangement 
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13. 


14. 


15. 


Pericyclic Reactions 


I 
NY, 
| 
t 


А tautomerization 


a. and b. 
Соу О ОН 
tautomerization 
ie: Н \uc Vc 


If a nondeuterated reactant had been used, the product would have been identical to the reactant. There- 
fore, the rearrangement would not have been detectable. 


A suprafacial rearrangement can take place under photochemical conditions if there are an even number of 
electrons in the reacting system. Therefore, a 1,3-hydrogen shift occurs involving four electrons. 


a [1,3] sigmatropic 
migration of deuterium 


A suprafacial rearrangement can take place under thermal conditions if there are an odd number of elec- 
trons in the reacting system. Therefore, a 1,5-hydrogen shift occurs involving six electrons. 


K D D 
D А 

5 

£s E EN "A Г. 


а [1,5] sigmatropic 
migration of deuterium 
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17. 


18. 


19. 


20. 


21. 


22. 


23. 
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Pericyclic Reactions 
Solved in the text. 


[1,3] Sigmatropic migrations of hydrogen cannot occur under thermal conditions because the four- 
membered transition state does not allow the required antarafacial rearrangement. 


[1,3] Sigmatropic migrations of carbon can occur under thermal conditions because carbon can achieve 
the required antarafacial rearrangement by using both of its p-orbital lobes when it migrates. 


a. Because 1,3-migration of carbon requires carbon to migrate using both of its lobes (it involves an even 
number of pairs of electrons, so it takes place by an antarafacial pathway), migration will occur with 
inversion of configuration. 


b. Because 1,5-migration of carbon requires carbon to migrate using only one of its lobes (it involves an 
odd number of pairs of electrons, so it takes place by a suprafacial pathway), migration will occur with 
retention of configuration. 


Because the [1,7] sigmatropic rearrangement takes place under thermal conditions and involves an even 
number (4) of pairs of electrons, migration of hydrogen involves antarafacial rearrangement. Since the 
cyclic transition state involves eight ring atoms, antarafacial rearrangement is possible. 


Because the reactant (provitamin О») has ап odd number (3) of conjugated т bonds and reacts under 
photochemical conditions, ring closure is conrotatory. The methyl and hydrogen substituents point in 
opposite directions in provitamin D3. Conrotatory ring closure will cause substituents that point in opposite 
directions in the reactant to be trans in the product. 


Chorismate mutase catalyzes a [3,3] sigmatropic Claisen rearrangement. 


СОО" 


Were you able to convince yourself that ТЕ-АС is valid? 


DOS 


HC CH; 
с НзС СН» А 
ie | „снз H3C H 
H CH; 
H H 
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OY 
|> 
/ \ 


H3C 


Because the compound has ап odd number of т bonds, it will undergo disrotatory ring closure under ther- 
mal conditions and conrotatory ring closure under photochemical conditions. 


In the compounds in which the two methyl substituents point in opposite directions, they will be cis in the 
ring-closed product when ring closure is disrotatory and trans in the ring-closed product when ring closure 
is conrotatory. 


In the compounds in which the two methyl substituents point in the same direction, they will be trans in the 
ring-closed product when ring closure is disrotatory and cis in the ring-closed product when ring closure is 
conrotatory. 


CH;CH; CHCH;  CH;CH 
a. c 4 
CH;CH; “CHCH; — сњасну“ 
СЊСН CH3CH2 CH2CH3 
b. + d. 
“CHCH; CH;CH;” CH,CH; 
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Pericyclic Reactions 


The hydrogens that end up at the ring juncture in the first reaction point in opposite directions in the reac- 
tant. Because ring closure is disrotatory (odd number of 7r bonds, thermal conditions), the hydrogens in the 
ring-closed product are cis. 


O-o 


In the second example, the hydrogens that end up at the ring juncture point in the same direction in the 
reactant. Ring closure is still disrotatory, so the hydrogens in the ring-closed product are trans. 


1. Because the compound has an even number of 7 bonds, it will undergo conrotatory ring closure under 
thermal conditions and disrotatory ring closure under photochemical conditions. Because the two 
methyl substituents point in opposite directions, they will be trans in the ring-closed product when ring 
closure is conrotatory and cis in the ring-closed product when ring closure is disrotatory. 


b. Г b CH; i CH3 
EN 2 СН; СН; 


2. Because the compound has ап even number of т bonds, it will undergo conrotatory ring closure under 
thermal conditions and disrotatory ring closure under photochemical conditions. Because the two 
methyl substituents point in the same direction, they will be cis in the ring-closed product when ring 
closure is conrotatory and trans in the ring-closed product when ring closure is disrotatory. 


Pericyclic Reactions 


a А Cis А СНз 
H3C === 
Ww Z7 CH; 


b / 5 " CH; Н.С 
HC fL " 
XY CH; ње“ 
28. а. 41 S) » 27 
Sus 
b. Dn CH; A CH; 
c CH; CH; 
i) E 
ІГ 


Е РОР РЧ 


tautomerization 


= 


О 
р Ч 
H 
O 
d. ЭР | А 
ae О 
H 
СН» CH3 CH3 
ë o А (Л О tautomerization OH 
| A af 
Јн 
ЊС H5C 
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Pericyclic Reactions 


а. This is a [1,5] sigmatropic rearrangement, so it can take place by a concerted mechanism under ther- 
mal conditions. 


b. This isa [1,3] sigmatropic rearrangement, so it can take place by a concerted mechanism under photo- 


chemical conditions. 
CH, CH, 
H 


В is the product. Because the reaction is a [1,3] sigmatropic rearrangement, antarafacial ring closure is 
required. Carbon, therefore, must migrate using both of its lobes. This means that the configuration of the 
migrating carbon will undergo inversion. The configuration of the migrating carbon has been inverted in B 
(the Hs are cis to one another but were trans to one another in the reactant) and retained in A. 


i 
H H || | 
ОССНз ОССНз 
— HH pH 
x 
the H's are trans retention inversion 
to one another A B 
the H's are trans the H's are cis 
to one another to one another 


At first glance it is surprising that the isomerization of Dewar benzene (a highly strained and unstable mol- 
ecule) to benzene (a stable aromatic compound) is so slow. However, the isomerization requires conrota- 
tory ring opening, which is symmetry forbidden under thermal conditions. The reaction, therefore, cannot 
take place by a concerted pathway and has to take place by a much slower stepwise process. 


Hydrogen cannot undergo a [1,3] sigmatropic rearrangement, because it cannot migrate by an antarafacial 
pathway that is required for a sigmatropic rearrangement involving an even number of pairs of electrons 
under thermal conditions. Carbon can undergo a [1,3] sigmatropic rearrangement because it can migrate 
by a suprafacial pathway if it uses both of its lobes. Therefore, the first compound can undergo only a 
1,3-methyl group migration. 


| uH H3C LH 


HC СН; CH, 


Pericyclic Reactions 


The second compound can undergo the 1,3-те у! group migration that the first compound undergoes, and 
the sec-butyl group can also undergo a [1,3] sigmatropic rearrangement. The migrating sec-butyl group 
will have its configuration inverted due to the antarafacial nature of the rearrangement. 


CH CH; CH;CH; 
OS LG D eee Hs 
СН›СНз Н.С H 
нс, / 1,3-sec-butyl „Н L3-methy | 3 К 
37s, C group migration group migration 
PA БФ — > 
E Hsc нус 
H CH 
3C 3 Нс CH; CH; 
33. An infrared absorption band is indicative of a carbonyl group. A [3,3] sigmatropic rearrangement of the 


reactant leads to a compound with two enolic groups. Tautomerization of the enols results in keto groups. 
The ketone carbonyl groups give the absorbance at 1715 ст '. 


СН» О О 
= OH tautomerization | | | | 
—— ——————-  CHS3CCH5CH5CH5CH5CCH; 
PA OH 
СН» 


34. 


The reaction is a [1,7] sigmatropic rearrangement. Since the reaction involves four pairs of electrons, 
antarafacial rearrangement occurs. Thus, when H migrates, because it is above the plane of the reactant 
molecule, it ends up below the plane of the product molecule. When D migrates, because it is below the 
plane of the reactant molecule, it ends up above the plane of the product molecule. 


35. a. 2 


А 


СНз 


СН; 
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36. Disrotatory ring closure of (2E,4Z,6Z)-octatriene leads to the trans isomer, which can exist as a pair of 
enantiomers. One enantiomer is formed if the “top lobes" of the p orbitals rotate toward one other, and the 
other enantiomer is formed if the “bottom lobes" of the p orbitals rotate toward one other. 


СН» 
mm CH; 
H ^ " ` 
ix: CH 
= 3 
H 


(2E,4Z,6Z)-octatriene 


In contrast, disrotatory ring closure of (2E,4Z,6£)-octatriene leads to the cis isomer, which is a meso 
compound and, consequently, does not have a nonsuperimposable mirror image. Therefore, the same com- 
pound is formed from the “top lobes” of the p orbitals rotating toward one other and from the “bottom 
lobes” of the p orbitals rotating toward one other. 


CH; 


СН» 
н А 
H 

СН» 
СН» 
(2E,AZ,6E)-octatriene 


ow о X OH x 


37. a. Q ( | 


[3,3] tautomerization 
—— Н —————- 


О d о = он = 
ЧЕ И 
[3,3] tautomerization 
: H 
OH 
tautomerization 
2 PA 
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Ом | О ОН 
S (cH 
d | [5,5] tautomerization 

CH  ——- 
|| 

CY сн, 

22 7 
38. Under thermal conditions a compound with two т bonds undergoes conrotatory ring closure. Conrotatory 


ring closure that results in a ring-closed compound with the substituents cis to one another requires that the 
substituents point in the same direction in the reactant. Therefore, the product with the methyl substituents 
pointing in the same direction is obtained in 99% yield. 


z | ы. 
Ро = = -— DS 
| 1% 99% 
Methyl groups point in opposite directions. Methyl groups point in the same directions. 
39. Because the reactant has two т bonds, electrocyclic ring closure is conrotatory. Two different 


compounds, X and Y, can be formed because conrotatory ring closure can occur in either a clockwise or a 
counterclockwise direction. 


f # both clockwise CoHs Le СеН5 
Cols] | " сн; 


CH; CH; Ср; 


> X 


К both counterclockwise CH3 X CD; 
сн, | " Сен: 


ce s Y ы 


Each of the compounds (Ж and Y) can undergo а conrotatory ring-opening reaction in either a clockwise 
or a counterclockwise direction to form either A or B. A and B are the only isomers that can be formed; 
formation of C and D would require disrotatory ring closure. 


Mi {сё — Г 4 
CHj CH; CH; 


ч. е. Cais CD; 
X B 


885 


Pericyclic Reactions 


wm Dem И 
CoH 

CH 675 CD 

\ 3 Р 3 


СН» C6H5 
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Ү А 
СН; CD; A ГА 
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A О 
40. HC D | 


О 
HC CH3 H;C Сн; 
СН» А D 
Claisen Cope 
rearrangement # rearrangement и 
Н 


tautomerization 


у 


ОН 
ње С 

( "m 
Because the compounds that undergo ring closure to give А and B have two т bonds, ring opening of A 
and B under thermal conditions will be conrotatory. Because the hydrogens in A and B are cis, they must 


point in the same direction in the ring-opened product. To have the two hydrogens pointing in the same 
direction, one of the double bonds in the ring-opened compound must be cis and the other must be trans. 


H3 


41. 
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An eight-membered ring is too small to accommodate conjugated double bonds with one cis and the other 
trans, so A will not be able to undergo a ring-opening reaction under thermal conditions. A 10-membered 
ring can accommodate a trans double bond, so B will be able to undergo a ring-opening reaction under 


thermal conditions. 


Both double bonds are cis. 


H 
CX Y cis double bond 


trans double bond B 


H 


42. The compound undergoes a 1,5-hydrogen shift of D or a 1,5-hydrogen shift of H. In each case, an unstable 
nonaromatic intermediate is formed that undergoes a subsequent 1,5-hydrogen shift to form an aromatic 


product. 
H D 
D 
D [1,5] М [1,5] D © 
H 
nonaromatic aromatic 
D H D D 
> [1,5] + H di D 
H 
nonaromatic aromatic 
43. Because the ring-opened compound formed in the first step has three conjugated т bonds involved in an 


electrocyclic reaction, conrotatory ring opening of the reactant will occur under photochemical conditions, 
and the trans hydrogens in the reactant require that the hydrogens point in the opposite direction in the 
ring-opened compound. Thermal electrocyclic ring closure of a three т bond system is disrotatory in step 
two, and disrotatory ring closure of a compound with hydrogens that point in opposite directions will cause 
those hydrogens to be cis in the ring-closed product. 


H 
H 
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44. A Diels-Alder reaction is followed by a reverse Diels-Alder reaction that eliminates СО». Loss of a stable 


gas molecule (CO) and formation of a stable aromatic product provide the driving force for the second 
step. 


45. т CN A^ 


Index 


Page references followed by "f" indicate illustrated 
figures or photographs; followed by "t" indicates a 
table. 
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1-Butene, 34, 183, 202-203, 217, 220, 229, 231, 
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Absorbance, 467-468, 481-482, 488, 490, 492-495, 
883 

Acetamide, 502, 525 

Acetate ion, 97, 317, 323, 514, 616 

Acetic acid, 81, 89, 94, 96-99, 101-107, 109-110, 
112-114, 323, 329, 502, 505, 523-525, 760, 
773-774 

Асеїопе, 326, 562, 567, 608, 827 
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397-398, 411, 446, 478-482, 486-487, 489, 
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755-766, 767-770, 773-776, 778-780, 
784-789, 809-811, 813-815, 835-836, 
845-849, 868-869 
Acid anhydride, 497-499, 510, 676 
Acidic solution, 365, 507, 519, 546, 572, 775 
Acids, 77-94, 95-96, 450, 497-534, 540, 582, 594, 
655, 662, 705, 722, 725-726, 735-766, 792, 
800, 803, 831, 833, 835-849, 859 
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800, 803, 833, 835-836, 841-843, 
845-849 
conjugate, 78-80, 82-84, 86-89, 93-94, 95, 507, 
510, 514, 540, 582, 655, 739 
Lewis, 78, 86, 94 
nucleic, 835-849 
Active site, 171, 775, 778, 788 
Addition polymer, 852 
Addition reaction, 171, 194, 196, 266, 370, 388, 
539-540, 693 
Addition reactions, 193-231, 257, 388 
Adenine, 791, 839-840, 842, 846 
A-Helix, 736-737, 751 
Air, 870 


Alanine, 85, 607, 739-740, 742-743, 753, 763-765, 
796, 825 
Alcohols, 27, 30, 90, 135, 359-398, 414, 476, 484, 
538, 575 
Aldehydes, 535-577, 580-581 
reactions of, 535-577 
Aldohexose, 708, 721, 731 
Aldose, 705-707, 714 
Alkanes, 417-438 
isomer, 422 
nomenclature, 435 
Alkenes, 40, 171-191, 193-231, 248-249, 344, 349, 
388, 411-412, 542 
addition reaction, 171, 194, 196, 388 
polymer, 412 
Alkyl groups, 117-118, 137, 195, 211, 233, 360, 452 
Alkynes, 233-250, 542 
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Allyl cation, 306, 642 
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Amino acids, 735-766, 792, 800, 803, 833, 841, 843, 
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Ammonia, 68, 74, 76, 125, 244, 314, 509, 525, 
535-536, 742, 799, 835 
PH of, 525, 536 
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Ammonium ion, 68, 125, 360, 525, 542 
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Amylose, 716, 731, 733 
Aniline, 106, 109, 264, 286, 529, 691, 693 
Anion, 117, 198, 234, 262, 306-307, 310-311, 321, 742 
Anions, 736 
Anisole, 650-652 
Anode, 752 
Antibonding molecular orbital, 64, 74, 262 
Antibonding orbital, 56, 305, 873 
Aqueous sodium hydroxide, 518 
Arene, 373-374 
Arginine, 741, 755, 763-764, 775, 847 
Aromatic, 35, 44, 252, 254, 259-262, 275-276, 278, 
280, 296, 483, 623-625, 630-632, 641, 655, 
677-678, 684-685, 689, 691, 693, 702-703, 
739, 772, 882, 887-888 
Aromatic compounds, 261, 296 
Arrhenius equation, 171, 180, 187 
Asparagine, 741, 752, 763 
Aspartame, 519, 756 
Aspartic acid, 741, 765 
Atmospheric pressure, 115 
Atom, 31-32, 35, 47, 53, 56-59, 61-63, 65-66, 68, 72, 
74-75, 78-79, 82-83, 117-118, 143, 145, 158, 
163, 165, 171-172, 258-262, 272, 277, 
301-303, 305, 319, 420, 425, 431-432, 448, 
471-472, 478, 484-485, 491, 495, 511, 547, 
615, 624, 629-630, 687, 786 
atomic number, 56, 61 
core electrons, 56 
isotopes, 57 
mass number, 58 
Atomic Mass, 60 
Atomic number, 56, 60-61, 740 
Atomic orbitals, 56-58, 60, 64-65, 254, 301-303, 
873-874 
degenerate, 56-57, 60 
ATP, 799, 811, 816-818, 822-823, 825, 828-829, 831 
Aufbau principle, 56, 60 
Axial positions, 128-129, 136-137, 336-337, 339, 350, 
352, 392, 716, 729 
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Bases, 77-94, 95-97, 277, 540, 774, 835-836, 839, 
841-844, 848-849 
very weak, 540 
Basic solution, 513, 546, 572, 584, 591, 601, 752, 764 
Bends, 482 
Benzaldehyde, 39, 43, 559, 611, 623, 634, 638, 663, 


698, 700 

Benzene, 5, 31, 33-37, 39, 42-43, 45, 47, 50-51, 53, 
252, 256-257, 262-264, 269, 277-278, 312, 
372-373, 378, 445-446, 448, 450, 452, 
457-458, 461-462, 479-480, 483, 487-490, 
524, 564, 584, 599, 611, 623-679, 687, 
689-691, 702-703 

disubstituted, 31, 33, 35-36, 39, 43, 51, 53, 
256-257, 450, 452, 458, 461-462 

Benzoic acid, 529, 632, 650, 677-678 

Bimolecular reaction, 310 

Biochemistry, 194 

Biomolecules, 813 

Boiling, 115, 125, 137, 139-140, 236, 397-398, 514, 
687, 870 

Boiling point, 115, 125, 137, 140, 236, 514, 687 

Bond angle, 58, 65-66, 68, 74-76, 125, 163, 291 

Bond angles, 64-67, 71-76, 115, 118, 163, 327, 412 

Bond dipoles, 146 

Bond length, 56 

Bonding, 39, 55-76, 88, 125, 132, 137, 195, 224, 252, 
262-263, 281, 301, 304, 306, 316, 321, 753 

of carbon, 66, 195 

Bonding electrons, 56-58, 61-62, 70, 88, 195, 224, 417 

Bonding molecular orbitals, 263, 281 

Bonding orbital, 56, 873 

Boron, 66-67, 243 

Bromide, 31, 33, 119-120, 122, 134, 140-141, 189, 
201, 245, 335, 356, 396, 410, 559, 570, 594, 
625, 684, 750-751, 762, 764 

Bromine, 30-32, 36-37, 41, 50, 74, 119, 132, 138, 177, 
184, 201, 262, 318, 324, 352, 411, 417, 
425-427, 491, 537, 624, 630 

Bromobenzene, 594, 628, 650 

Bromomethane, 433-434, 459 

Buffer, 78, 86, 89, 91, 94, 95, 98-107, 109-114, 741, 
753 

Buffer solutions, 98, 102, 106, 741 

Buffers, 95, 106-108 

Butanal, 491, 575-576 

Butanoic acid, 42, 518 

Butanone, 32, 35, 473, 514, 598 

Butene, 34, 45, 149, 183, 188, 190, 202-204, 214-217, 
220, 228-229, 231, 244, 248-249, 304, 333 

Butyl, 32-33, 52, 119-120, 122-123, 128, 132, 136, 
140-141, 165, 197, 199, 217, 245, 340, 350, 
377, 392, 537, 666, 883 
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Carbohydrates, 705-733 
complex, 705 
disaccharide, 705, 727-728 
hexose, 706, 720, 725-726 
monosaccharide, 706-707, 712, 718 
pentose, 706 
simple, 705, 707 
sugar, 705-708, 717-718, 721-723, 728 
Carbon, 32-41, 45-52, 56, 58-60, 62-66, 68, 70, 74-76, 
88-89, 116-119, 133-134, 136, 143, 173, 
195-197, 199-202, 206-207, 216-219, 223, 
226, 233-234, 240, 243, 245, 248-249, 
252-253, 257-259, 265, 267-268, 270-271, 
274-276, 278-279, 287, 291, 305-306, 313, 
315, 317-318, 325-327, 335-337, 340-341, 
371-373, 378, 384, 389-394, 420, 425, 457, 
459-462, 477-480, 484, 486-491, 493, 495, 
507-508, 517-518, 522-523, 528, 535-537, 
540, 544, 551, 559, 562, 564, 572, 579-622, 
655, 657, 666, 668, 686-687, 689-691, 
705-708, 727-728, 795-800, 823-825, 
852-854 
organic compounds, 116-119, 126-127, 133-134, 
136, 417 
Carbon atoms, 62-63, 306, 708, 814, 832 
Carbon dioxide, 417, 580-581, 640 
Carbon disulfide, 479 
Carbon monoxide, 623 
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Carbonate ion, 258 
Carbonyl group, 32, 35, 38, 40, 42-43, 45, 48, 52-53, 
194-195, 233, 305, 375, 450, 460-461, 
477-480, 485-487, 489-490, 502, 505, 511, 
517, 562, 564-565, 607, 609, 612, 615, 
623-624, 633, 771-774, 800, 842, 854 
Carboxyl group, 497, 571, 594, 736, 739-741, 
744-745, 753, 756, 763, 765, 824 
Catalysis, 668, 767-789, 804 
enzyme, 767-768, 774-776, 778, 784, 788-789 
Catalyst, 171, 181, 194-195, 229, 231, 237-238, 
240-247, 249-250, 324, 411, 413, 476, 498, 
516, 518-519, 595, 630, 767-769, 773-774, 
776-777, 779-781, 786-789, 817, 854 
Cellulose, 716, 731, 733 
Chain reaction, 417, 836, 866 
Chemical reactions, 172, 304 
bimolecular, 310 
rates of, 172 
unimolecular, 172 
Chemistry, 1, 55-76, 77-94, 171-173, 193-194, 196, 
705-733, 735-766, 791-811, 835-849, 853 
biochemistry, 194 
green, 63, 65 
physical, 115 
Chiral, 143, 146, 159, 165, 168, 421 
Chiral molecule, 143, 165 
Chlordane, 327 
Chloride ion, 378 
Chlorides, 345 
Chlorine, 35, 37, 46, 61, 63-64, 66-67, 86, 138, 197, 
214, 226, 267, 426-429, 432, 446, 458, 472, 
484, 517, 537 
oxygen and, 501 
Chlorobenzene, 484, 627, 641, 650 
Cholesterol, 149, 167, 813 
Cis isomers, 131, 371 
cis-2-Butene, 203, 214-215, 244, 456 
Color, 64-65, 391, 481 
Combustion, 417 
hydrocarbon, 417 
Common names, 121 
Compounds, 3, 37, 43-44, 61, 63, 70, 74-75, 88, 90, 
93-94, 96, 99, 115-142, 147-149, 155, 
158-161, 165-168, 170, 188-189, 200, 212, 
216, 249, 256-257, 261, 273, 275-276, 279, 
281, 290, 293, 296, 351-352, 357, 393, 
399-416, 417, 435, 463, 476, 487, 492-493, 
497-498, 528-529, 535-577, 579-585, 
587-622, 676, 681-703, 737-738, 791-811, 
885-886 
biological, 497, 738 
IUPAC, 117-118 
properties, 115-142 
Concentrated solution, 105, 111, 492, 494 
Concentration, 91, 93, 95-97, 103, 106, 110-112, 145, 
148, 163, 172-173, 180, 188, 190, 197, 316, 
327-330, 341-343, 346, 467, 481-482, 488, 
493-495, 523-524, 753, 763 
Condensation, 580-581, 588, 590, 605-606, 609, 611, 
615, 620, 819, 827, 852, 854 
Conformations, 116, 566 
Conjugate acid, 78-79, 82, 84, 86-88, 93, 98-100, 261, 
264, 279-280, 361, 571, 582, 692, 717, 739 
Conjugate base, 78-80, 82-83, 87-89, 93-94, 95, 
98-100, 110, 238, 264, 277-278, 280, 286, 
507, 514, 571, 631, 655, 684 
Conservation, 873 
Constitutional isomers, 12, 23, 116, 118-119, 143, 146, 
158-160, 163, 166, 344, 422, 581 
Core electrons, 56, 60 
Covalent bonds, 56, 59, 301 
bond length, 56 
energy, 56, 301 
Crystallography, X-ray, 442 
Cyanide, 510, 540, 564, 615 
Cyanide ion, 510, 540, 564, 615 
Cyclohexane, 115-118, 126, 187, 218, 277-278, 
479-480 
Cyclohexanol, 132, 285, 550 
Cyclohexanone, 492 
Cyclopropane, 261, 387 
Cysteine, 736-737, 739-741, 744, 750, 753, 761, 763, 
778 
Cytosine, 688, 839, 846, 848-849 


D 
Dacron, 859 
DDT, 312 
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Degenerate, 56-57, 60, 262 

Degenerate orbitals, 56-57 

Density, 59, 62, 64-65, 68, 87, 277, 306, 442, 450, 
657, 697 

Deoxyribonucleic acid (DNA), 835 

Deoxyribose, 835 

Deuterium, 68, 213, 226, 268, 332, 338, 353, 373, 
382, 427, 440-441, 585, 598, 726, 877 

Diamagnetic, 440, 691 

Diastereoisomers, 226 

Dichlorobenzene, 628 

Diethyl ether, 28, 123, 126, 137, 140, 324, 326, 329 

Diffraction, 442 

Dilute solution, 382, 492, 494 

Dimer, 194, 751, 862 

Dimethyl sulfoxide, 317, 329 

Dimethylamine, 394 

Dipeptide, 736, 758 

Dipole moment, 56, 61, 68, 71-74, 146, 216, 479-480, 
482, 487, 492, 494, 514, 691 

Dipole moment (M), 56 

Disaccharide, 705, 727-728 

Dissociation, 56, 67, 78-79, 91, 95-98, 101, 430, 750, 
752 

Dissolving, 95 

DNA, 395, 835-836, 840-841, 843-846, 848-849 

bases in, 835-836, 841, 848-849 

Double bonds, 174, 176, 241, 252-255, 275, 290, 294, 
298, 334-335, 409-410, 412, 483-484, 490, 
501, 562, 599, 614, 793, 870, 886-887 

Double helix, 835, 847 


E 
Electricity, 852 
Electromagnetic radiation, 467-468 
Electromagnetic spectrum, 442 
Electronegativity, 56, 61, 68-69, 82, 401, 413, 493, 495 
Electrons, 37, 56-62, 64-67, 70, 72-74, 78, 82-83, 
85-86, 88-89, 94, 117, 177, 189, 197, 201, 
224, 251-299, 301, 303-307, 378, 417-418, 
424, 442, 448, 508, 529, 582-584, 623-625, 
645, 652, 657, 662, 682-683, 687-689, 
691-692, 696-697, 717, 781, 785-786, 856, 
877-878, 882-883 
wave functions, 59 
Electrophoresis, 736, 753, 758, 764, 766 
Electrostatic attraction, 57 
Elements, 60 
Endothermic reaction, 171, 427 
Energy, 56-58, 60, 67, 129, 133, 137-138, 171-173, 
180-181, 188, 190, 197, 216, 220, 253-254, 
259, 264, 285-286, 296, 301-302, 304-306, 
477-478, 492, 500, 503, 625, 761, 813 
bond dissociation, 56, 67, 430 
entropy, 171-172, 188, 190 
kinetic, 172, 254, 296 
potential, 57-58 
radiant, 467 
thermal, 874 
Energy changes, 173 
Environment, 32, 40-41, 43, 47, 50, 53, 462, 691, 846 
Enzyme, 159, 171, 173, 194, 208, 226, 526-527, 
736-737, 742-743, 755, 761, 767-768, 
774-776, 778, 784, 788-789, 791-793, 800, 
803, 809-811, 817, 823 
Enzymes, 791-792 
Epoxy, 211, 853 
Equations, 58, 433 
Equatorial positions, 128-129, 132, 136-138, 566-567, 
716, 720, 729 
Equilibrium, 57, 78-79, 81, 88-89, 128, 132, 138, 178, 
180, 188-190, 194, 226, 229, 231, 238, 243, 
291-292, 324, 327, 545-546, 727, 759, 781, 
788-789, 807 
chemical, 172 
Equilibrium constants, 178 
Ester linkage, 511, 835 
Ethanol, 123, 126, 316-317, 324, 329-330, 479, 772 
Ethyl chloride, 140, 329-330 
Ethyl group, 31-33, 38, 43, 48, 50-51, 127, 240, 313, 
336-337, 469, 480, 486, 796 
Ethyl methyl ether, 120, 123 
Ethylamine, 89, 100, 264, 518, 542 
Ethylbenzene, 650 
Ethylene oxide, 387, 405, 414, 553, 557, 871 
Ethylmethylamine, 49, 140 
Exothermic, 172, 179 
Exothermic reaction, 172 


F 
Fatty acids, 499, 507, 831 
structure for, 831 
First-order reaction, 172 
Fluoride, 122, 334 
Fluorine, 61, 67, 73-74, 76, 125, 197, 217, 631-632, 
655 
Formal charges, 62 
Formic acid, 94, 97, 99, 101, 106-107, 109, 114 
Free energy, 172, 180-181, 188, 216, 220, 327, 503, 


625 

Fructose, 708-710, 716, 726, 731, 776, 784, 816, 
823-824, 827 

Functional group, 116-117, 159, 172, 185, 467, 
535-536 

G 

Galactose, 708, 711, 713-714, 716, 718, 721-722, 725, 
727, 822, 828 


Genetic code, 835 
Geometric isomers, 116 
Geometry, 59, 165, 728 
electron, 59 
Glucose, 566, 580, 708, 710, 712, 714-716, 719, 
723-725, 727-732, 776, 778, 813, 823-825, 
828 
oxidation of, 816, 824 
Glutamic acid, 741, 763, 847 
Glutamine, 818 
Glycerol, 498-499, 507, 815, 817, 862, 868 
Glycogen, 716, 730, 732 
Ground state, 57, 263, 281, 294, 298, 873-874 
Guanine, 688, 786, 839-840, 846, 848-849 


H 
Halides, 134, 309-330, 331-358, 361, 413, 585 
hydrogen, 310-314, 316, 319, 321, 332-333, 
335-337, 339-341, 344, 346-348, 350, 
352, 355, 361, 431 
Halogenation, 417 
Halogens, 65, 632, 655 
Hemoglobin, 728, 761 
Heptane, 122, 482 
Heterogeneous catalyst, 195 
Hexane, 126, 132, 139-141, 329, 401, 406, 583 
Hexose, 706, 720, 725-726 
Histidine, 763, 776, 788-789, 817, 845 
Human genome, 835 
Humans, 736 
Hybrid orbitals, 59 
Hybridization, 58, 66, 68, 74-75 
sp, 66, 68 
sp2, 66, 68, 74-75 
sp3, 58, 66, 68, 74 
Hydrated, 226, 625 
Hydrates, 546 
Hydration, 195 
Hydrocarbon, 34, 115-117, 136, 171, 173-174, 185, 
189, 235, 241, 417-418, 471, 483-484, 498 
derivatives, 498 
Hydrochloric acid, 104-105, 107 
Hydrogen, 33, 35-36, 39, 41-42, 46, 49, 57-58, 61-64, 
66, 68, 70, 74-76, 78, 82, 95-96, 115-119, 
125, 129-130, 132, 137, 171, 173, 194-195, 
213, 237, 277, 310-314, 316, 321, 335-337, 
339-341, 346-348, 350, 352, 355, 373, 388, 
394, 420, 423, 450-451, 460-461, 464, 
486-489, 597-598, 615, 631, 665, 721, 753, 
839-840, 882 
Hydrogen bond, 74, 76, 116, 125, 132, 373, 479, 583, 
799, 839-840 
Hydrogen bonding, 39, 125, 132, 137, 316, 321, 
450-451, 737, 753, 840 
Hydrogen bonds, 64, 75-76, 118, 125, 130, 132, 314, 
583, 687, 775, 846-847 
Hydrogen halides, 361 
Hydrogen ions, 95-96 
Hydrogenation, 194-195, 203, 211, 221, 228, 263, 275, 
535 
catalytic, 194, 535 
Hydrolysis, 498-499, 505, 518-519, 522, 525-526, 528, 
530, 544, 572, 640, 737, 762, 764, 769-770, 
772, 779-780, 782, 784-785, 798, 804-806, 
827, 835, 838, 871 
Hydronium ion, 62 
Hydrophobic interactions, 498, 737 
Hydroxide ion, 62, 97, 357, 370-372, 411, 511, 528, 


546, 595, 599, 615, 641, 668, 685, 696 
Hydroxylamine, 527, 542 


| 
Initiator, 418, 852-854 
Insulin, 750 
Intermolecular forces, 514 
Intermolecular hydrogen bonds, 687 
Internuclear distance, 56 
lodide, 324, 327, 329-330, 389, 400, 603, 727 
lodide ion, 327, 727 
lodine, 37, 202, 427, 446, 778 
lon, 28, 30-31, 57-58, 62, 68, 74, 78, 82-83, 95, 100, 
106, 118, 125, 173, 201-202, 241, 285-286, 
310-311, 317-319, 321, 323, 327, 329, 
340-341, 346, 352, 356-357, 370-372, 387, 
390-392, 462, 467-468, 473, 476, 491, 493, 
509-511, 514, 528, 564, 595, 598-599, 
615-616, 640-641, 666, 668, 676, 685, 727, 
771-772, 780-784, 788-789, 846-847 
anion, 310-311, 321, 736, 742 
cation, 28, 30, 264, 310-311, 314, 360, 462, 473, 
666, 742 
lonization, 57, 96, 529 
lonization energy, 57 
Iron, 303 
Isobutyl, 119-120, 124, 136, 486, 500, 522, 537, 553, 
594, 774 
Isobutylene, 865 
Isoleucine, 150, 740-741, 743, 757-758, 763, 765 
Isomer, 12, 23, 115, 118, 128, 134, 136, 140, 145, 149, 
163-164, 226, 332, 336-337, 354, 394, 422, 
479, 482, 631, 662, 742, 784 
Isomerism, 823 
Isomerization, 614, 799, 823, 882 
Isomers, 12, 23, 116, 118-119, 131, 134, 143-170, 
183, 185, 196, 229, 237, 246, 256, 352, 
371-372, 469, 662 
alkane, 116, 118 
alkene, 204, 229, 371-372 
cis, 116, 131, 143, 146, 149, 152, 154, 157-159, 
162, 168, 183, 256 
enantiomers, 143-145, 147-149, 157-168 
geometric, 116 
stereoisomers, 143, 145, 149-150, 153, 157, 159, 
161-163, 166, 168-170, 172, 196, 204, 
256, 344 
structural, 116, 118, 143 
trans, 116, 118, 143, 145-146, 149, 152, 154, 
157-159, 162, 164-165, 168, 183, 229, 
256, 344, 352 
Isooctane, 119, 121 
Isopentyl acetate, 500 
Isopropyl alcohol, 518 
Isotopes, 30, 57, 60 
IUPAC nomenclature, 117-118 


K 
Ketohexose, 713, 725-726 
Ketose, 705-707, 778 


L 
L-Amino acids, 739, 743 
Leucine, 150, 741, 743, 745, 752, 757-758, 765, 844, 
846 
Lewis acids, 86 
Life, 375 
Light, 143-144, 160, 166, 168, 170, 425, 436, 477, 
481, 488, 494-495, 874 
frequency, 467, 492, 494 
infrared, 467-468, 477, 481, 488, 492, 494-495 
ultraviolet, 467-468, 477, 481, 488, 492, 494-495 
visible spectrum, 467 
wavelength, 467-468, 477, 481 
Lipid bilayer, 498 
Lithium, 61, 400-401, 535 
Lock-and-key model, 767 
Logarithm, 180 
Lone pairs, 63, 65-66, 68, 79-80, 125, 326 
Lysine, 741, 752, 754-755, 762-763, 775-776, 804 


M 
Magnetic field, 440-442, 445 
Mass, 1-3, 27, 29-30, 56, 58, 60, 462, 467-495 
Mass spectrometry, 467-495 
Matter, 307, 468 
compound, 468 
Mechanism, 172, 189, 195, 207, 224, 226, 433, 


505-506, 544, 614, 676, 685, 693, 764, 
769-770, 782, 788, 791-792, 799, 801, 
828-830, 832, 858 
Medicine, 441 
Melting, 117, 168, 170, 501, 507, 721 
Melting points, 168, 170, 721 
Metals, 400 
Methionine, 741, 743 
Methyl acetate, 505, 514 
Methyl group, 32-36, 38, 40, 42, 45-46, 48-51, 
128-129, 132, 195, 240, 278, 312, 352, 391, 
423, 428, 448, 460-462, 480, 482, 486-487, 
489, 491, 501, 516, 553, 564, 599, 605, 
610-611, 628, 631, 656, 691, 773-774, 
882-883 
Methyl substituent, 123, 128, 458, 479, 727, 840 
Methylcyclohexane, 123, 128, 131, 137, 140-142, 200, 
344-345, 357-358, 482 
Mixing, 57-58, 99-100, 103-104, 106, 110, 481, 853 
Volarity (M), 99 
Molecular formula, 1, 4-16, 18-22, 24-26, 28, 30-36, 
38-43, 45-46, 48, 50-53, 116, 118, 136, 140, 
143-144, 166, 184, 189, 235, 241, 273, 446, 
448, 455, 461-462, 470-471, 473, 483-484, 
507, 567, 605, 653 
Molecular geometry, 59 
Molecular ion, 28, 30, 462, 467-468, 470, 473, 476, 
480, 482, 491, 493 
Molecular orbital theory, 301, 304-305, 307 
Molecular orbitals, 74, 254, 262-263, 281, 294, 298, 
301, 303, 305-306 
antibonding, 74, 262-263, 281, 301, 305-306, 875 
nonbonding, 262, 305-306 
Molecules, 58, 61, 68, 116-118, 125, 137, 143, 178, 
187, 194, 310-311, 501, 514, 660, 705-706, 
772, 810-811, 813-817, 824-825, 827, 831, 
833 
Monomer, 852-854, 863, 866 
Monomers, 852-853, 862, 866, 872 
vinyl, 866 
Monosaccharides, 705, 714 
Motion, 171, 178, 186 
mRNA, 835-836, 841, 843-846, 849 


N 
Negative charge, 62, 83, 89, 201, 234, 255, 258-259, 
264, 271-272, 274-276, 279-280, 572, 641, 
663, 738, 752, 782-783, 793, 811, 870 
Neutral solution, 95 
Neutrons, 57-58, 60 
NIH, 372-373, 382 
Nitration, 624 
Nitric acid, 88, 676, 723 
Nitrite, 846 
Nitrite ion, 846 
Nitrogen, 30, 43, 48-49, 61, 63, 65-68, 88-89, 117-118, 
125, 143, 160, 163, 223, 263-265, 271-272, 
277, 279-280, 303, 310-311, 313, 324, 360, 
375, 378, 393, 395, 470-471, 498-501, 519, 
521, 526-527, 542, 544, 640-641, 685-692, 
778, 780, 794, 798-799, 847 
Nitrous acid, 846 
n-Octane, 121 
Nomenclature, 115-142, 171-191, 435 
common names, 121 
systematic names, 139-140 
Nonbonding electrons, 57-59, 326, 837 
Nonpolar covalent bond, 58 
Nonpolar solvent, 752 
Novocaine, 375 
Nucleic acid, 835-836 
codon, 835-836 
nucleotide, 835-836 
protein synthesis, 836 
transcription, 836 
Nucleic acids, 835-849 
Nucleus, 56, 58, 65, 67, 70 
Nylon, 866 


о 

Octane, 119-121, 132 

Octet rule, 58 

orbitals, 56-60, 64-67, 73-74, 197, 201, 252, 254, 
262-263, 276, 281, 294, 298, 301-306, 
873-875, 884 

Organic chemistry, 1, 77-94, 705-733, 735-766, 
791-811 

alcohols, 90, 359 


aldehydes, 535 
alkanes, 417 
alkenes, 171 
alkynes, 233 
amines, 90, 359, 752 
carboxylic acids, 90, 497, 752 
esters, 743 
ethers, 359 
ketones, 535 
polymers, 851 
synthetic polymers, 851 
Organic molecules, 810-811 
Oxaloacetic acid, 571, 742 
Oxygen, 28, 30, 32, 35-36, 38-39, 42-43, 45, 47, 
50-53, 60, 62-63, 65-66, 74-76, 82-84, 
87-89, 116, 118, 130, 137, 177, 233, 243, 
257-259, 263-264, 272, 274-277, 279-281, 
285, 287, 310-311, 313, 322, 326, 375, 424, 
448, 450, 457-458, 460-462, 470-471, 
477-480, 485-487, 497-498, 511, 522, 527, 
539-540, 546-547, 596-597, 665, 689, 717, 
753, 782-783, 837, 870 
oxides, 375 
ozone, 870 
Ozone, 195, 870 


Р 
р orbitals, 58, 60, 64, 66, 262-263, 276, 303, 305-306, 
873 
2p, 60 
of oxygen, 60, 66 
Palladium, 400 
Palmitic acid, 501, 596, 815 
Pauli exclusion principle, 58, 60 
Pentane, 2, 28-29, 121, 125, 235 
Peptide bond, 736-737, 744, 756, 763, 766, 847 
Percent, 687 
Periodic table, 60-61, 319 
atomic mass, 60 
pH, 78-79, 84-87, 89-94, 95-102, 106-111, 114, 198, 
481-482, 485, 511, 525, 536, 542, 571, 674, 
687, 737, 740-742, 752-753, 758, 763-764, 
766, 776-777, 779, 783, 788-789 
PH scale, 78 
Phases, 56, 873 
condensed, 56 
Phenyl group, 254, 624 
Phenylalanine, 756, 764, 774, 844 
Phosphorus, 61, 828-829, 831, 840, 844 
red, 61 
Physical properties, 115-142 
melting point, 117 
Pi (P) bond, 58 
Piperidine, 683 
Plane-polarized light, 143-144, 160, 168 
Polar covalent bond, 58 
Polar solvent, 126, 316-317, 319-320, 322, 327, 339, 
342-343 
Polarimeter, 144, 160, 166 
Polarity, 61, 223, 316, 329-330, 401, 737-738 
bond, 61, 223, 401 
Polarizability, 117, 440 
Polarized light, 143-144, 160, 166, 168, 170 
rotation of, 144, 166 
Polyethylene, 855, 870 
Polymer, 254, 412, 737-738, 835-836, 852-855, 862, 
864-867, 869-872 
Polymerization, 254, 852-853, 856-858, 863, 866-868, 
870 


Polypeptides, 751 

Polyurethane, 853 

Porphyrin, 682 

Position, 79, 127-129, 132, 136-138, 164-165, 178, 
209, 246, 281, 290, 306, 317, 336-337, 350, 
355, 392-393, 442, 566-567, 580-581, 
635-636, 656, 661-663, 665, 675, 685, 692, 
694-695, 697-698, 705-706, 720-721, 
728-729, 778-781, 792, 835-837, 857, 871 

Positive charge, 62, 85, 177, 195-197, 214, 218, 226, 
234, 238, 257-259, 261, 263, 267-268, 274, 
276-278, 280, 285, 287, 326, 373-375, 
500-502, 517, 521, 528, 582-583, 641, 663, 
690, 695, 738, 741-742, 763, 789, 815 

Potassium, 61, 201, 499-500, 760 

Principles, 301 

Propanal, 41 

Propanol, 47, 123, 134, 198, 329-330, 386, 564 

Propene, 46, 174, 201, 216, 248-249, 459, 491 

Property, 117 
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Proportional, 310, 455 
Proportionality constant, 172 
Propyl, 27-28, 40, 49, 119-120, 123-124, 134, 136, 
142, 462, 473, 477, 510, 512, 515, 537, 575, 
603, 656 
Proteins, 735-766, 814, 831, 848-849 
amino acid, 736-738, 740-743, 745, 750, 752, 
756-758, 761-763, 848-849 
dipeptide, 736, 758 
peptide bond, 736-737, 744, 756, 763, 766 
polypeptide, 736-738, 751, 753, 755, 761 
Proton(s), 445 
Pyridine, 261, 363-364, 379-380, 386, 397, 406, 522, 
547, 554, 556-557, 577, 600, 674, 684-685, 
691-692, 696-697 


Q 


Quantum, 58 


R 
Racemic mixture, 144, 148-149, 160, 163, 204-205, 
207-208, 214, 270-271, 286-287, 561, 598, 
742 
Radiant energy, 467 
Radiation, 441-442, 467-468, 477 
electromagnetic, 442, 467-468 
Rate constant, 171-173, 179-180, 185, 187-188, 190, 
198, 216, 311-312, 324, 329, 332, 337-338, 
356, 392, 529, 625, 759, 780 
Rate law, 311 
second-order reaction, 311 
Rate of reaction, 290, 737, 772 
Rate-determining step, 172, 181, 268, 572, 585, 625, 
653, 666, 690 
Reactant(s), 181 
Reactants, 57, 78, 81, 93-94, 172-173, 178, 180-181, 
186, 188-190, 194-197, 270, 275, 282, 287, 
290, 295, 322, 329-330, 343, 373, 393, 503, 
529, 540, 601, 767-768, 784 
excess, 540 
Reactant(s) 
limiting, 181 
Reaction intermediate, 536 
Reaction mixture, 5, 195, 434, 536, 540, 659, 829 
Recrystallization, 291 
Replication, 836 
Resonance hybrid, 78, 255, 273-274, 287, 294 
Resonance stabilization, 254 
Resonance structures, 265, 272, 305-307 
Reversible reaction, 824 
Ribonucleic acid (RNA), 836 
Ribose, 708, 718-719, 792, 804, 835-836 
Ribosomes, 836 
RNA, 835-836, 844, 848-849 


5 
Saturated hydrocarbon, 173, 418, 483 
sec-Butyl, 119-120, 122, 136, 140-141, 197, 217, 456, 
883 
Second-order reaction, 173 
Serine, 741, 745, 753, 763, 788, 800 
Sigma bond, 56, 59, 74-76 
Single bond, 58, 70, 75-76, 253-255, 258, 295, 298, 
325, 477-478, 486, 500-501, 517 
covalent, 58 
Sodium, 61, 94, 98-107, 109-110, 112-113, 201, 238, 
244, 401, 518, 535, 723 
Sodium acetate, 94, 98-99, 101-107, 109-110, 112-113 
Sodium nitrite, 846 
Solubility, 118, 126, 132, 140 
Solution, 78, 84-87, 91-92, 95-100, 102-107, 110-112, 
114, 143, 145, 166-167, 202, 329, 365, 382, 
389, 393, 492-494, 502, 507, 513, 519, 523, 
525, 546, 571-572, 591, 668, 752, 764, 775 
Solutions, 1, 59-60, 79, 98-99, 102, 106-108, 113-114, 
119, 146, 256, 490, 571, 741 
buffer, 95, 98-99, 102, 106-107, 113-114, 741 
salt, 623 
strong acid, 95 
strong base, 95 
weak acid, 95, 98-99 
weak base, 95, 99 
Solvated, 313, 326 
Spectroscopy, 1-53, 439-465, 467-495 
Stearic acid, 501, 507 
Steroids, 813 
Strong acids, 96, 540 
Structural isomers, 116, 118, 143 
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Styrene, 871 

Substituents, 31-32, 34-37, 42, 44, 50-51, 53, 115-116, 
118, 128-129, 131, 134, 136-138, 143, 145, 
149, 152, 164, 176, 188, 194, 203-204, 206, 
211-212, 217, 324, 336-337, 339, 370, 
392-394, 528-529, 545, 567, 572, 641, 
728-729, 779, 852-854, 865-867, 871, 
875-876, 878-880 

Substitution reactions, 309-330, 354 

alcohol, 316 

Succinic acid, 511 

Sugar, 705-708, 717-718, 721-723, 728, 835-837, 839, 
846, 848-849 

Sulfur, 60, 313, 318, 360, 499, 652, 689, 750, 753, 
778, 854 

Sulfuric acid, 365, 676 

Synthetic polymers, 851-872 

Systematic names, 139-140 


T 

Temperature, 115, 117, 125, 179-180, 189-190, 432, 
436, 498-499, 597, 637 

tert-Butyl, 32-33, 52, 119, 128, 136, 165, 199, 263, 
340, 350, 377, 392, 456, 666 

tert-Butyl chloride, 456 

Tetrapeptide, 846 

Thermodynamics, 171-191, 435 

enthalpy, 171 
free energy, 172, 180-181, 188 

Thiols, 359-398, 800 

Threonine, 156, 740 

Thymine, 839-840, 842, 846 

Toluene, 33, 628, 650 

Trans isomer, 115, 118, 128, 136, 145, 149, 226, 350, 
354, 370, 479, 482, 772, 784 

trans-2-Butene, 149, 188, 190, 203, 214-216, 244 

Transcription, 836, 848-849 

Transition state, 163, 172-173, 179-181, 194, 197, 
216, 226, 243, 253, 268, 316, 323, 333-334, 
349, 503, 528, 546, 690-691, 779, 878 

Tripeptide, 738, 751-752 

Tryptophan, 844 

Tyrosine, 741, 753, 774, 778 


U 

Unimolecular reaction, 172, 311 

Units, 85, 502, 542, 729, 832 

Unsaturated, 173, 252, 483, 507, 535-577, 601, 608, 
693 

Unsaturated hydrocarbon, 173 

Uracil, 839-840, 842, 846 


V 
Valence, 57-62, 70, 177 
Valine, 745-746, 759-761, 844 
van der Waals forces, 118 
Vapor pressure, 115 
Vinyl chloride, 855 
Visible light, 468 
Vitamin A, 792 
Vitamins, 791-811 
Volume, 58, 82, 99, 103-104, 184, 301, 311, 751 
VSEPR, 59 

model, 59 


үү 
Water, 65, 68, 74-76, 86, 93, 95-97, 103-104, 110, 
132, 135, 137, 140, 195, 226, 237, 262, 
312-313, 317, 329-330, 360, 365, 378, 382, 
394, 417, 518, 521, 545-546, 572, 598-599, 
605, 635, 772-775, 780-783, 788-789, 
846-847, 854 
ionization constant, 96 
Water molecule, 125, 775 
Wave equation, 59 
Waves, 468 
matter and, 468 
Weak acids, 96 
Work, 526, 585 


X 
X-ray crystallography, 442 


2 
Zwitterion, 738, 740, 752 


